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INTRODUCTION 
Genetic improvement should occur in performance traits according to their effect on the 
farmer's return/investment ratio. Milk quantity as well as quality are determinants for net return. 
Yield traits and components are mutually highly correlated and are correlated with most of the 
important type traits as well. That is, outcomes from designed breeding programs that favor a 
trait over another should be well justified. This implies, an accurate evaluation of both direction 
and magnitude of the genetic change for any given breeding objective. 
Genetic progress depends on the accuracy and intensity of selection, the generation 
interval, and primarily the genetic variance (Robertson and Rendei, 1950). The latter invokes 
most of the change in the response from one year to another (generation to another) provided 
the other three constituents are predetermined for a defined breeding scheme (Shaw, 1987). 
Genetic variance component estimation has been under intensive investigation during the last 
40 years. Desirable properties for variance component estimates include unbiasedness, 
consistency, and within the parameter space. All the latter properties are critical for deriving 
effective solutions (BLUP) to the mixed model equations (MME). MME is the current 
evaluation method of choice. 
Estimates for variance components differ when evaluations are computed using all or 
part of the available data, pedigree information, the previous selection (Bulmer, 1971), and the 
average inbreeding effect (Van der Werf et al., 1990). Estimates for variance components also 
depend on the evaluation procedure used, e.g., animal or sire model, and single or multiple trait 
evaluation (Van Vleck, 1992), and the evaluation technique used, e.g., restricted maximum 
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likelihood (REML) or least squares (LS) (Swallow, 1983; Shaw, 1987; Meyer, 1989; Misztal, 
1992). 
The objectives of this study are to evaluate the accuracy of current selection theory in 
predicting selection responses when progenies are descendant from high merit parents, to assess 
the effectiveness of current breeding practices in dealing with unfavorably correlated traits, to 
assess the effects of intensive selection on progeny distributions, and to investigate the extent to 
which intensive selection has affected genetic variability (reduction in genetic variance) through 
time. 
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REVIEW OF LITERATURE 
Breeding programs for the Holstein population 
The great potential of the Holstein breed for milk production lead to the implementation 
of a well organized and competitive dairy industry to make genetic progress. Indeed, Dairy Herd 
Improvement (DHI) production records, research and computational capabilities, and artificial 
insemination (AI) are essential and well articulated to provide measures on production, 
effective genetic evaluation, and spread of superior genetic material, respectively. Bull studs are 
the driving force in disseminating genetic gain that occurs in the US dairy population through 
AI and multiple ovulation, and embryo transfer (MOET) in the near future. Young sire 
sampling and selection of progeny tested bulls combined with pedigree information, and, to a 
lesser degree, embryo transfer (ET), are the systematic selection plans being used by bull studs 
in the United States. 
Improvement of individual's average genetic merit for production resulted in a 
substantial increase in the volume of milk, fat, and protein produced in the United States despite 
the fact that the number of cows has decreased since the early 1940's. Nowadays, although milk 
yield is still a major breeding goal, there is increasing emphasis on product composition to meet 
market demand. That is, fat, protein, and other non fat solids contents per unit weight dictate 
prices, and in the United States protein is now emphasized for selection programs while fat is 
not as desirable. 
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The Holstein population Currently, there are approximately nine million Holstein 
cows, of which about 1.25 million are registered and almost 50% of the whole cow population 
(4.6 million) is included in DHI production testing programs. 
The United States Department of Agriculture (USDA), as well, as the Holstein 
Association produce elite cow lists. About 800,000 (822,595 in 1993) cows are used by the 
USDA to determine the basis for (top 1% for Holstein breed and top 2% for other breeds) each 
year. For consideration, cows must be evaluated, live, registered, and have a lactation with at 
least three management group mates during the past 2.5 years. The Holstein elite list includes 
the top 10,000 (.9%) total performance index (TPI) cows among 1.15 million available for 
screening. 
For the sire path, about 1600 young bulls are progeny tested each year (1544 in 1993) by 
AI companies, breeder syndicates, etc., and approximately 1900 new non-AI bulls (Weigel, 
1994, personal communication) mciny of which are herd sires receive their genetic evaluations 
each year. On average one progeny tested young bull becomes AI active (his semen is readily 
available through AI marketing systems) from the 8 to 10 bulls that were progeny tested. There 
are currently 575 bulls considered active AI (591 in 1993). 
Embryo transfer result in the birth of almost 21,000 calves per year (heifers and bull 
calves) produced from roughly 7,000 matings by the Holstein Association. Each particular 
mating of a cow and a sire results on average in 3 calves (Weigel, 1994; Wiggans, 1994, 
personal communications). 
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Genetic models and evaluation methods Successful selection of high merit bulls 
depends upon the effectiveness of the genetic evaluation systems as well as the accuracy of the 
genetic evaluation. Sire genetic evaluation has been substantially improved since the early 
1930's. Averages based methods, e.g., equal parent indexes, herdmate comparison (Bogart, 
1959), have evolved from selection index theory (Hazel, 1943). Currently it is the mixed model 
equation (MME) era, and probably repeated records and multiple trait evaluations in the near 
future (Henderson et al., 1976; Westell et al., 1984; Westell et al., 1987). 
The accuracy of genetic evaluation is high when appropriate methods of evaluation and 
genetic models are applied to experimental and field data. A large amount of research has been 
directed towards the improvement of the genetic evaluation systems (Lush, 1933; Henderson, 
1972,1975a, 1976, and 1984). The implementation of the animal model techniques has resulted 
in greater accuracy and reduced bias relative to other systems that use sire models (Wiggans, 
1988). Further improvement in evaluations and in accuracies may be realized when multi-trait 
procedures are used (Westell, 1984; Thompson and Meyer, 1986). Others have suggested that 
the treatment of herd-year-season effects, for example, as random in mixed model equations 
may result in additional gains in accuracies by reducing the prediction error variance (PEV) 
(Chauhan, 1987). Chauhan (1987), however, treated sire effects as fixed in the suggested 
models arguing that sires are proven and hence are not randomly assigned to breed females. 
That is, results about prediction error variance and the effectiveness of the models for an 
accurate evaluation may differ when herd-year-season and sires are simultaneously treated as 
random. Henderson (1975b) presented a comprehensive discussion on the effect on PEV by 
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treating various model factors as fixed or random, individually or simultaneously. Knowledge 
of the underlying biology may help to define the model that is appropriate for the specific 
situation. An array of possible animal models were described by Henderson (1988). For these 
models he discussed their theoretical basis, corresponding computational methods and 
appropriate set of data to be analyzed. In addition to accounting for herd-year-season effects, 
accurate genetic evaluations should account for differences in within herd and between herd 
genetic variances as well as differences in management levels (Meinert et al., 1992). Recent 
work discussed in detail sire sampling programs and realized genetic rates as influenced by herd 
characteristics, the accuracy of first evaluations for bulls proven by AI and non-AI organizations 
(Meinert et al., 1992), and the usage patterns and trends for genetic merit of bulls from different 
sampling programs (Cassell et al., 1992). 
The USDA animal model procedure 
The animal model was implemented in 1989 and, since this time, has been used by 
USDA for genetic evaluations during January and July of each year. Variation in records on 
milk already preadjusted for age, lactation length, and number of milkings per day is partitioned 
in accordance with the following statistical model: 
yijkl = my + atcl + Pkl + Cik + Cijki [I] 
where 
yijkl is the lactation record of daughter 1 of sire k in management group ij (year-season, 
parity and registry group j in herd i), 
mij is the fixed management group ij, 
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aki is the random animal effect a, 
Pki is the random permanent environment p, 
Cjk is the random herd and sire interaction c, and 
eijki is the random residual effect e. 
In matrix notation the vector of observations y is written as: 
y = Xm + Za + Pp + Tc + e, [la] 
where X, Z, P, and T are incidence matrices relating y to the vectors m, a, p, and c, respectively. 
The vector of expectations is: 
"y" m 
a 0 
P = 0 
c 0 
e 0 
and the (co)variance matrix of the random quantities of the model is: 
ZGZ^+PQF+TST+R ZG PQ TS R 
G 0 0 0 
Q 0 0 
Symmetric S 0 
R 
where G = Aa, Q = I6, S = IX, and R = lOg , 
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with a = CTe/ai/Op. ^ = Oe/ac. and 
A is the relationship matrix for animals. 
Judged the best to fit the USDA data, such a model was used to derive solutions for sire 
and cow evaluations by iteration on the data for both fixed and random effects (Wiggans et al., 
1988). The animal effect was considered as random, and such treatment for this effect may 
prove valuable for evaluating dams when preferential treatment effects were small (Khun, 
1994) or effectively accounted for by herd x sire interaction. Treating the sires as a random 
effect, however, is a questionable approach in the case of sires mainly for the proven 
outstanding ones that are logically used to breed best cows. 
The use of the iteration technique dictated by the large data set makes it difficult to 
provide a direct measure of the PEV (Mistzal and Wiggans, 1988), i.e., compute the 
(co)variance matrix, consequently, the exact accuracies of evaluations are not computed by 
USDA. The approximation for the PEV, trai'islated into reliability, depends on the number of 
records and relationships among ancestors. The PEV is an indication of the amount of 
information included in the genetic prediction, but not the quality of this information. 
Furthermore, such an approximation does not account for unequal sire distribution across herds. 
The high degree of unbalancedness in the USDA data where management groups, for example, 
are defined by combinations of herd, month of calving, lactation number, and registry status 
may be another reason for not computing the PEV. Except for the practical shortcomings 
previously described, the animal model has many desirable properties. It is the best linear 
unbiased prediction (BLUP) of genetic merit. And guarantees unbiasdness and minimum 
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variance of estimates (Henderson, 1988). The animal model has more desirable properties 
(Kennedy et al., 1988) that distinguish this procedure from other techniques for use in genetic 
evaluations. The inclusion of the relationship matrix, in addition to proper genetic grouping, 
accounts for changes in genetic mean from chance or selection (Kennedy et al., 1988) and also 
corrects for competition among mates. Finally, and most important, the animal model procedure 
is expected to be the best tool for ranking animals correctly when compared to other evaluation 
procedures such as sire models. 
Other aspects for improving genetic evaluations 
In addition to the improvement coming from updated statistical theories, an accelerated 
time-table of data collection, data processing and inclusion of nev^^ly available information into 
evaluations may influence the rate of genetic improvement by reducing generation intervals and 
increasing accuracies. For bull selection, use of pedigree and sib information readily available 
on young bulls can increase average merit of selected sires (Smith and Ruane, 1987). Robinson 
and Chesnais (1988) expressed the need for developing on-farm modules to estimate 
preliminary estimated breeding values (EBVs) that are useful for immediate evaluations and 
selections. For a competitive Al industry, the use of low accuracy, high EBV bull sires may be 
an effective strategy to increase the chance of breeding some young bulls with extra high merit. 
In fact, selection on EBV, which are already adjusted for the number of daughters, indirectly 
accounts for accuracy, i.e., lower the risk of wrongly select bulls. Furthermore, the risk of 
restricted selection (selection of low accuracy bulls), on the other hand, may be offset by using 
several young sires. 
Association of genetic variability and performance levels 
Directional selection, geographic region, herd size, and registry status are among many 
factors that are directly or indirectly related to genetic performance of the Holstein population 
and different production levels are expected within and between herds. On the other hand, until 
July 1991, all animals were treated equally in the national evaluations with the assumption cf 
homogeneity of variance (Wiggans and Van Raden, 1991). Solutions from the MME 
(Henderson, 1975b) do not have BLUP properties when variance component estimates used are 
not appropriate. The use of inappropriate variance component estimates results in lower 
accuracy and perhaps bias of the genetic evaluation. Quantitative genetic theory suggests that 
high selection intensities and repeated cycles of directional selection reduce genetic variance, 
and consequently, heritability, decreased accuracy, limited genetic response, and a larger 
coefficient of inbreeding can be expected (Meyer and Smith, 1990; Gomez-Raya and Burnside, 
1990; Meuwissen, 1991). Reduction in genetic variance is known as the Bulmer effect and is 
caused by selection-induced phase disequilibrium (Bulmer, 1971). Wray and Hill (1989) used a 
deterministic program to predict asymptotic response to selection on BLUP from an animal 
model. They reported a reduction of as much as 24% in the asymptotic genetic response when 
compared to the response measured on the first generation. Formulas illustrating the theory and 
confirming results reported by Wray and Hill (1989) were developed by Dekkers (1992). Also, 
Dekkers (1992) showed that the reduction in genetic variance depends on selection intensity 
and the accuracy ratio among males and females. This reduction is more marked when selection 
is based on EBVs as compared to phenotypic selection. Moreover, numerous studies reported 
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clear evidence for an association between genetic variance and the level of variability for 
production (Hill et al., 1983; Famula, 1989; Short et al., 1990; Dong et al., 1990). It was also 
shown in these studies that when data were classified by production level and genetic 
variability, heritability estimates for both normal and transformed scales were larger for groups 
that had larger means and/or larger variances. Furthermore, heritability estimates were smaller 
for later lactations and more current generations (Short et al., 1990). Recognition of this by 
scientists lead to investigations for methods to adjust for the heterogeneity of both the genetic 
and residual variances to compute unbiased estimates for parameters (Foulley et al., 1990; 
Visscher, 1991; Wiggans and Van Raden, 1991). 
Ideally, genetic parameters are best estimated from unselected data, however data such 
as this is practically unavailable. Some of the proposed transformations (adjustments) are 
expected to adjust for selection effects, detect preferential treatment, and identify segregation of 
major genes (Foulley et al., 1990). In the dairy industry, there has been more intense selection of 
parents of Al sires during the recent years. Selected parents are then from the top of the 
respective production level groups. Thus, the effects of repeated cycles of selection on the mean 
and on the variance may be observed for progeny from outstanding parents. On the other hand, 
intensive selection is expected to reduce genetic variability. Therefore, it is important to know 
how selection theory operates at this level, provided that theoretical principles are defined. The 
investigation of the effects of intensive selection can be achieved by evaluating current 
breeding, e.g., determining genetic response for the bull-son pathway. 
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Genetic responses 
Formulas to predict genetic gain from breeding programs (e.g., artificial insemination 
and progeny testing schemes) were developed for one stage single trait selection (Robertson and 
Rendel, 1950), one stage multiple trait selection (Lande et al., 1983), or multiple stage multiple 
trait selection (Dickerson, 1944). They were all based on the proportion selected or selection 
intensity (SI), the generation interval, and the phenotypic and genetic (co)variances of the 
selection traits. 
The change for a group of traits undergoing selection was formulated by Lande (1979) 
as follows: 
DZ = GF'S (1), 
where DZ is the vector of changes in all characters, 
G is the genetic variance-covariance matrix, 
P is the phenotypic variance-covariance matrix, and 
s is the vector of selection differentials with respect to each trait. 
This representation of the genetic change due to selection covers only single stage 
selection schemes. And does not account for correlations between first and second breeding 
objectives in a two stage selection regime. Moreover, Lande's (1979) formulation does not 
consider the potential changes due to selection for genetic variances and covariances of 
characters (Dickerson, 1944). Therefore, to estimate response, new parameters should be 
estimated for each generation (round of selection). Harris and Freeman (1990) predicted genetic 
response for multistage selection. They accounted for gene flow and overlapping generations. 
Harris and Freeman (1990) reported that single stage selection overestimates response and that 
response generally reached a plateau by approximately 40 years of selection. 
Realized direct responses Realized genetic gains from use of conventional breeding 
schemes were substantial in North America during the last two decades. Similar genetic trends 
are being reported from the European dairy industry (Bumside, 1992). Responses were 
commonly quantified by using regression techniques (Smith, 1962). Currently average genetic 
merit of birth year groups from animal model evaluations are a direct measure of genetic trend. 
Bumside (1992) used a large data set from Italian dairy herds and reported that the yearly 
realized genetic gain for yield traits was from .3 to .36 genetic standard deviation per year 
(Oa/yr), nearly matching the theoretical genetic responses. These outstanding rates of realized 
genetic gains seemed unachievable a decade ago. Such high rates can be mostly explained by 
the importation of the US Holstein. Van Vleck (1986) listed bias in genetic evaluation, 
unnecessarily long generation intervals, and selection emphasis on traits other than production 
as obstacles for securing maximum rates of change for milk yields. Nowadays, higher genetic 
rates mainly by bull studs, are attributed to better control at least in part over some of the factors 
in Van Vleck (1986). Furthermore, the implementation of animal models, MOET, higher 
selection intensities, more focused breeding objectives, and powerful computational resources 
contribute to greater rates of change for the desirable trait. Nevertheless, more challenging 
tasks, such as the assumption of constant and homogeneous variance over generations and 
preferential treatment (Khun, 1994), still require more thorough investigation. In the United 
States, low rates of usable records hinder progress; in fact, only 23.4% (Freeman, 1995) of all 
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cows in the United States are available for genetic evaluations because of niisidentification or 
lack of enrollment in a DHI testing plan. 
There is an increasing concern in the literature about higher inbreeding effect and its 
consequences on the Holstein population, although sire sampling programs by AI studs seem to 
realize more stable genetic progress coming from relatively accurate genetic evaluations. 
Intensive usage of AI sires and, lately, dams (MOET) resulted in numerous research 
investigations in an attempt to identify and quantify the optimum use of elite sires and dams. 
Indeed, related studies (Banos and Smith, 1991; Goddard, 1992) recommended 10 bulls/breed 
and per generation as optimal for maximum genetic improvement and control over inbreeding. 
Realized correlated responses: Correlated changes in metric characters are of two 
types; 1) Responses measured on one character that is the focus of the breeding scheme while 
selection operates on an alternative trait that is easy and less expensive to measure. 
2) Responses in one or more correlated characters following selection on the desired 
trait, the breeding objective, a common scenario in dairy cattle breeding. 
The first type, known as indirect selection (Van Vleck, 1987), depends on the ratio of 
indirect to direct responses. In the case of one round of selection, when generations are discrete 
and selection intensities are the same for both traits, the relative efficiency (RE) of indirect 
selection is expressed as : 
RE= rgi.gT * ri/r2, (2) 
where rgi,g2 is the genetic correlation between traits 1 and 2 and ri and r: are the accuracies of 
evaluating trait 1 and trait 2, respectively. At the limit (Villanueva and Kennedy, 1991), the 
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efficiency (RE) will depend on the ratio of the limiting genetic standard deviation of trait 2 
under indirect selection to that of the same trait under direct selection (Villanueva and Kennedy, 
1991). A ratio superior to one indicates that the efficiency of indirect selection is higher than for 
direct selection on the desired trait. 
In the case of correlated responses, both the magnitude and the direction of these 
changes depend on genetic variances, phenotypic variances and correlations. Correlated 
responses are computed from the estimated PTAs when the trait is measurable. These responses 
can also be predicted from the PTAs of alternative traits for retrospective studies and when the 
trait is not observable (Boldman et al., 1992). In this case, the correlated PTAs are predicted as 
follows; 
ac = Gov (ac,a')[Var (a)]"'a, (3) 
where a is the BLUP for the selected trait from [I] and Sc is then the solution for the correlated 
trait. 
Genotypic and phenotypic correlations for yield and percentage traits are well 
documented in the literature (Chauhan and Hayes, 1991; Misztal et al., 1992; Welper and 
Freeman, 1992). Yield traits are mutually, highly correlated; genetic correlations range from 
75% (milk and fat) to 93% (milk and protein). Yield traits are, however, negatively correlated 
with fat, protein, and lactose percentages except for the genetic correlation between component 
yield and its corresponding percentage, which is positive. Milk yield is negatively correlated 
with all component percentages with 40 to 50% being a common range for the genetic 
correlations. Genetic parameters for milk yields and percentages are summarized in Table 1. 
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Table 1. Genetic parameters for first lactation yields of milk, fat, and protein and fat and protein 
percentages'*. 
Studies Mean SD*" Minimum Maximum 
Heritability 
Milk 13 .29 .07 .17 .38 
Fat 13 .30 .07 .15 .40 
Protein 12 .25 .07 .13 .34 
Fat percentage 7 .58 .15 .38 .80 
Protein percentage 7 .54 .15 .25 .70 
Genetic Correlations 
Milk, Fat 13 .60 .12 .43 .76 
Milk, Protein 12 .85 .05 .77 .93 
Milk, Fat percentage 7 -.40 .09 -.52 -.28 
Milk, Protein percentage 7 -.49 .14 -.64 -.21 . 
Fat, Protein 12 .72 .07 .62 .80 
Fat, Fat percentage 6 .45 .13 .30 .63 
Fat, Protein percentage 5 -.04 .007 -.15 .11 
Protein, Fat percentage 6 -.17 .009 -.35 .08 
Protein, Protein percentage 5 -.03 .005 -.16 .08 
Fat percentage, Protein percentage 7 .54 .12 .30 .66 
Phenotypic Correlations 
Milk, Fat 13 .79 .05 .73 .90 
Milk, Protein 12 .92 .02 .90 .96 
Milk, Fat percentage 7 -.31 .07 -.39 -.19 
Milk, Protein percentage 7 -.35 .08 -.43 -.19 
Fat, Protein 12 .83 .03 .80 .91 
Fat, Fat percentage 6 .28 .06 .21 .38 
Fat, Protein percentage 6 -.02 .001 -.06 .03 
Protein, Fat percentage 6 -.13 .003 -.20 -.07 
Protein, Protein percentage 6 .008 .004 -.08 .12 
Fat percentage. Protein percentage 7 .52 .06 .44 .58 
"Sources: Chauhan and Hayes, 1991. 
Misztal et al., 1992. 
Welper and Freeman, 1992. 
''SD; Standard deviation. 
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Single trait selection, usually for milk yield, is expected to result in correlated responses 
in other traits, reproduction, type traits, and somatic cell counts (SCC). The SCC is an indicator 
of subclinical mastitis and unfortunately, high yields result in high somatic cell scores (SCS). 
That is, genetic correlations of SCS and milk yield (rg=.16), fat yield (rg=.ll), and protein 
yield (rg=.18) are unfavorable (Boettcher, 1992). 
Numerous researchers have studied the correlated responses (Meland et al., 1982; Lande 
et al., 1983; Legates et al., 1988; Bonczek et al., 1991; Sorensen and Johansson, 1991; 
Villanueva and Kennedy, 1991; Bumside et al., 1992; Boettcher et al., 1993). For yield 
components, there was a general agreement in the literature that the greatest absolute correlated 
responses occur during first generations in a fashion similar to direct responses (Meland et al., 
1982; Legates et al., 1988; Bonczek et al., 1991; Boettcher et al., 1994). The reduction in 
correlated responses in later generations was theoretically proven by Villanueva and Kennedy 
(1992) who stated that the relative efficiency of indirect selection is smaller in the limit and is 
also proportional to the genetic parameters, i.e., higher genetic parameters confer higher 
responses in earlier generations and in the limit as well. The results from Villanueva and 
Kennedy (1992) were based on assumption of strictly single trait selection, a practice that is not 
common in dairy operations where producers seek sires that are outstanding to acceptable in an 
array of traits including conformation and reproduction. However, Sorensen and Johansson 
(1991) cautioned against the use of correlated responses from univariate animal models for 
selection purposes. They concluded that these type of responses are highly dependent on the 
prior heritability for the selection trait, and, consequently, the genetic responses are biased 
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downwards when the traits are genetically highly correlated, for example milk and protein 
yields in dairy catde. However, the responses are biased upwards when the traits are only 
environmentally correlated or the genetic correlation is near zero. An example is reproductive 
and yield traits for most farm species. These findings imply that multiple trait evaluations are 
warranted. 
Conclusion 
Systematic selection for production traits in the Holstein population dates back to the 
1940's (Lush, 1945; Bogart, 1959) when sires were selected using daughters' averages. The 
introduction of AI more than 50 years ago and the adoption of the daughter-herdmate 
comparison in the 1950's accelerated the genetic progress in the United States (Sattler, 1994; 
Wilson, 1994, Personal communications). Today, sires and cows are selected by bull studs 
following their ranking on the animal model genetic evaluations. The AI is widely used and 
MOET is being implemented by bull studs (Sattler, 1994; Wilson, 1994, Personal 
communications). Use of MOET can greatly improve dam selection and result in greater rates 
of genetic gains. 
Production traits, were and still, are the main selection criteria. Type and other traits, 
such as breeding efficiency, are important for culling animals after production. Although there 
was no strict single trait selection; the yield of milk was the main selection trait until the mid 
1970's. The yield of fat and fat percentage were heavily weighted traits in the breeding 
objective up to the early 1980's. Currently protein yield and protein percentage and also milk 
yield are the most desirable traits in the industry. 
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Estimates of the genetic trends from selection programs varied in the literature (Powell 
et al., 1977; Hintz et al., 1978; Lee et al., 1985; Van Vleck, 1986; Van Tassel and Van Vleck, 
1991, Meinert et al., 1992). There is a firm belief that higher rates of genetic gains are attainable 
(Van Vleck, 1986; Bumside et al., 1994). On the other hand, the Holstein population went 
through repeated cycles of selection. And continuous selection was theoretically proven to 
reduce the genetic variance (Bulmer, 1971) and might cause lower but steady asymptotic rates 
of genetic gains (Wray and Hill, 1989; Deckkers, 1992). Famula and Van Vleck (1990), 
however, stated that even if the genetic and environmental variances shrink at physiological 
limits, the genetic progress is not affected. 
The United States Holstein population is large. It went through intensive selection 
pressure for high production. However, genetic responses for production traits did not reach 
theoretical expectations mainly due to long generation intervals and ineffective dam selection 
(Van Vleck, 1986). It is important at this stage to evaluate genetic responses and identify causes 
of their changes, i.e., explain the direction and magnitude of genetic trends realized during the 
last two decades. 
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MATERIAL AND METHODS 
Data 
The sire history file was provided by the Animal Improvement Programs Laboratory 
(AIPL) of the USDA at Beltsville, Maryland. Animal model sire evaluations for the yield traits 
milk, protein, and fat, and also protein and fat percentages were obtained for bulls, progenies of 
Holstein sires. The birth year of 1970 was set as the lower limit for bulls to be considered in the 
analysis. Evaluations were required to have at least ten daughters with records per each bull and 
included reliabilities for both milk and fat, and protein subsets. Among other information kept 
in the data were parent averages for each trait as well as the number of daughters and the 
standard deviation of the records for each trait, animals birth dates, and also the first time a bull 
had his first AI daughter. 
Three sets of data relevant to three subpopulations were formed depending on the status 
of the bull. A first data set included all AI bulls, a second subset included the progeny tested 
and^or active AI bulls (ACTIVE), and finally a third data set included all AI sires that had at 
least twenty AI sons (ELITE) through their breeding history. This classification stemmed from 
the fact that it allows comparisons among different subpopulations of the Holstein male 
population. Such a classification, however, does not account for different bull studs. All the bull 
populations were considered as samples from the same population. The AI sires are the basis 
for comparison. Progeny tested bulls constitute the segment of the population that is 
systematically and most probably effectively evaluated, and finally sires with twenty sons or 
more represent the population of sires that have been heavily used as sires of sons. Each data 
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subset was edited to construct a pedigree file. That is, identify the sons, their sires, and their 
maternal grandsires genetic evaluations. In Table 2 are given the frequencies of the sons, their 
sires, and their maternal grandsires by the sons' years of birth (BY) for the different bull 
populations along with the generation intervals for both the sire of bull (Gss) and the maternal 
grandsire of bull (Ggb) selection paths. Records on sons with unknown sires or maternal 
grandsires were deleted. The exclusion of sons with incomplete pedigree from the analysis 
greatly reduced the number of bulls before the mid 1980's. 
Regression of bulls PTAs on their sires and maternal grandsires PTAs 
Theoretical regression coefficients Young sire selection is carried out in two stages in 
the AI industry, the pedigree index selection followed by the progeny testing of candidates for 
selection. The animal model genetic evaluation of bulls involves usage of records on daughters 
of a sire (s), daughters of his son (b), and daughters of the son's maternal grandsire (g), and 
records on all other relatives. However, in this section only evaluations of the son, his sire, and 
his maternal grandsire are to be considered to derive approximate theoretical weights to predict 
an AI young bull PTA. 
Let Yb be the sum of nb records of daughters of a bull, 
Ys be the sum of ns records of daughters of his sire, and 
Yg be the sum of ng records of daughters of his maternal grandsire. 
Variances and covariances of the sums are (Van Vleck, 1982): 
V (Yi)=ni (ni+15) ap/16, (i=b, s, org) 
Gov (YsYg)= 0 
Table 2. Distribution of maternal grandsires (g), sires (s), and bulls (b) by bulls' birth years and by population and generation 
intervals for the sire of bull (Gss) path and the maternal grandsire of bull (Ggb) path. 
Bull population" 
AI ACTIVE ELITE 
Birth year g s b Gss Ggb g s b Gss Ggb g s b Gss Ggb 
77 3 2 3 7.3 6.6 - _ _ 2 1 2 7.2 6.2 
78 7 7 8 7.3 6.6 - - - - - 1 1 1 7.9 7.4 
79 22 15 25 7.3 7.3 - - - - - 7 3 7 7.7 7.9 
80 30 28 43 7.5 8.8 - - - - - 9 4 15 7.4 9.4 
81 49 32 114 8.1 9.9 - - - - - 34 10 78 8.0 9.9 
82 72 52 203 8.3 10.4 1 1 2 9.2 9.7 53 16 151 8.2 10.3 
83 70 58 390 8.4 11.2 3 5 9 9.2 9.9 55 23 312 8.3 11.3 
84 74 62 625 9.3 11.6 5 9 21 8.4 10.8 63 24 530 9.4 11.6 
85 89 67 929 8.2 12.3 5 9 41 7.8 11.8 81 29 855 9.3 12.3 
86 91 73 1276 8.7 12.6 13 18 192 7.3 12.6 86 36 1196 8.7 12.6 
87 93 84 1353 8.9 13.0 23 37 314 8.2 13.1 87 36 1236 9.1 13.0 
88 99 79 1398 8.2 13.4 33 48 540 7.8 12.8 88 34 1270 8.3 13.4 
89 50 49 557 8.2 13.5 22 39 226 7.9 12.5 44 21 463 8.4 13.5 
Average 8.6 12.5 7.9 12.7 8.8 12.6 
"aI ; AI sires born in or after 1970; ACTIVE: progeny tested and/or active bulls; and ELITE: paternal half sib bulls progenies of sires with 20 sons 
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Cov (YbYs)=nbns(Jp/32, and 
Cov (YbYg)=nbngCJp/64, where CTp is the phenotypic variance. 
Assuming one son per sire and per maternal grandsire, all of which are unrelated to other bulls 
and that the adjustments for the fixed effects were perfect (Van Vleck, 1982), the relationship 
matrix among sons, sires, and maternal grandsires is as follows: 
I.O 0.5 .25 "16 -8 -4 
A= 0.5 1.0 0 and its inverse is A"' =1/11 
-8 15 2 
.25 0 1.0 -4 2 12 
The heritability (h~) was .25 for the yields and .5 for the percentages which means the 
error variance to the additive variance ratio, that is a = (4-h^)/h", was equal to 15 for milk, fat, 
and protein yields and equal to 7 for fat and protein percentages, respectively. The resulting 
MME, that represent the product of a with the inverse of the relationship matrix (A"') plus the 
numbers of daughters diagonal matrix, for the son, sire, and maternal grandsire comparisons are 
then: 
n ^ j + 2 4 0 / l l  - 1 2 0 / 1 1  - 6 0 / 1 1  
^b Yb" 
- 1 2 0 / 1 1  n s - l - 2 2 5 / 1 1  3 0 / 1 1  as = Ys 
- 6 0 / 1 1  3 0 / 1 1  n g  +  1 8 0 / 1 1  
« 
The set of solutions for (4) and for the yield traits are: 
ab= (l/d)[( 11 n^ng+l 80ns+225ng+3600)Yb+( 120ng+l 800)Ys+(900+60ns)Yg], 
as= (l/d)[(120ng+1800)Yb+{l lnbng+180nb+240ng+3600)Ys-30nbYg], and 
ag= (l/d)[(900+60n0 Yb -30nbYs+(l Inbns+225nb+240ns+3600)Yg], 
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where Sb, as, and ag are the estimated PTAs for milk yield, protein yield, or fat yield of the son, 
the sire, and the maternal grandsire, respectively, and 
d = llnbnsng+180nbns+225nbng+3600nb+240nsng+3600ns+3660ng+54000 
is the determinant of the MME coefficient matrix in (4). 
For the percentages, on the other hand, different constants are added to the number of 
daughters in the diagonal. In the off-diagonal the constants differed as well, due to a lower 
variance ratio (a). The resulting estimated PTAs for the traits percentage fat and percentage 
protein are then expressed as follows: 
ab= (l/d)[( 11 nsng+84ns+ 105ng+784)Yb+(56ng+392)Ys+( 196+28ns)Ygl, 
a.,= (l/d)[(56ng+392)Yb+(l lnbng+84nb+l 12ng+784)Y,,-14nbYg], and 
ag= (l/d)[(196+28nOYb -14nbY,,+(l lnbns+105nb+l 12ns+784)Yg], 
where Sb, as, and Sg are as previously defined except that they either represent percentage fat or 
percentage protein. The contribution of a sire's and a matemal grandsire's daughters records to 
their young son's genetic merit are the regression coefficients. They are approximated as: 
^ab.as = Cov (ab,as)A^ar (§»)= 
nb( 11 nsng+180ns+225ng+3600)[4(nb+15)( 120ng+1800)+ 
2ns( 11 nbng+180nb+240ng+3600)-30nbng]+2ns( 120ng+1800) 
[nb(120ng+1800)+2(ns+15)( 1 lnbng+180nb+240ng+3600)]+ 
ngnb(900+60ns)[(1800+120ng)-120(ng+15)] 
4nb( 120ng+1800)[(nb+15)( 120ng+1800)+ns 
(1 lnbng+180nb+240ng+3600)-15nbng]+4ns(ns+l 5) 
((1 Inbttg+l 80nb+240ng+3600)")+3600(nb-)ng(ng+l 5) 
25 
^^ab.ag = Cov (ab,ag)A^ar (ag)= 
nb( 11 nsng+180ns+225ng+3600)[4(nb+15)(60ng+900)+ 
ng( 1 lnbns+225nb+240ns+3600)-60nbns]+2nbns( 120ng+1800) 
[(60ng+900)-60(ns+15)]+ng(900+60ns) [nb(900+60ns)+ 
4(ng+15)( 1 lnbns+225nb+240ng+3600)] 
4nb(60ng+900)[(nb+15)(60ng+900)+ng 
1/2(11 nbns+225nb+240ns+3600)-30nbns] -i4ng(ng+15) 
((11 nbng+180nb+240ng+3600)^)+3600(nb^)ns(ns+15) 
Actual regression coefficients Pedigree files, where sons' genetic evaluations were 
matched with those of their sires and their maternal grandsires were used in the regression 
analysis. Sons with unknown sire's and/or maternal grandsire's evaluation were deleted. First 
crop evaluations (FCE, i.e., the first time bulls were evaluated using their own progeny records) 
and most recent evaluations (MRE) in which a bull appeared were used in the regression 
analysis. FCE was defined as the time a bull had his first genetic evaluation with a maximum of 
75 daughters with records (Cassell et al., 1992). Bulls with more than 75 daughters with records 
in their first animal model evaluation were deleted. These evaluations are those of sampled and 
heavily sampled bulls as categorized by Cassell et al. (1992). MRE was defined as the last time 
a bull was evaluated with at least 76 daughters with records. These evaluations involve bulls 
who were used before and after the implementation of the animal model procedure over long 
periods of time. 
FCE and MRE were each used in a separate analysis to estimate weights that relate a 
sons' genetic evaluation to his sire's and maternal grandsire's genetic evaluations. The structure 
of the data is such that an individual sire or a group of sires from the same sires' birth year 
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group might have sons within and across different sons' birth year groups. That is, PTA 
estimates of progenies from adjacent birth years are likely to be more highly correlated than 
those farther apart in time due to assortative mating, genetic trend of the dams, and mainly due 
to management differences such as preferential treatment (Kuhn et al., 1994). To use all the 
information in the data over the whole period of time (since the birth year of 1970), the 
regression model should account for the genetic trend in the male and female populations. 
Furthermore, it is important to estimate and account for the correlations between the genetic 
evaluations of progenies from different birth year groups within their sires birth year groups. To 
meet the objectives above, son's birth years nested within their sire's birth years were fitted as a 
random effect following a first order autoregressive process (AR( 1)). The regression was done 
by the mixed procedure in SAS. The model fit for both FCE and MRE and for the AI, ELITE, 
and ACTIVE bull populations was: 
abijki = M- + b| Ssji + b2 Sgki + Utj+ dbu, [H] 
where abijki is the bulls PTA for trait i in birth year t, 
|j, is the mean effect, 
Ssji is the sire PTA for the trait i in birth year j, 
Sgki is the maternal grandsire PTA for the trait i in birth year k, 
bi and bi are the partial regression coefficients, and 
Utj is the bulls birth year t nested within his sire birth year j; and follows an AR(1) 
process such that; 
u,j = (J) U(M)j+e,. [Ha] 
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where E(u,j) = 0, Var (uy) = 0,^, and Gov (u,j, U(,.i)j) = (j) a,', 
<)> is the autoregression coefficient for a single lag, and finally 
Ci and dbti are ~ iid (0, random errors. 
The autocorrelation coefficient (p), that relates genetic merit of sons, produced by sires from the 
same genetic group, and that are from birth years distant by a lag 1, is defined by the function; 
Ps = <!)' (1 = 0,1,2,...) 
Genetic responses 
The investigation of the genetic trend over the last two decades involved both direct and 
correlated responses in the AI, ELITE, and ACTIVE bull populations. The genetic analysis was 
a twofold investigation. It addressed the; 
1. Comparison of realized versus expected selection responses in the mean. 
2. identification of progeny distribution. 
Selection practices and parents genetic merit Genetic merits of the selected parents 
were obtained from the FCE. Mean PTAs weighted by reliability for the production traits were 
computed from sires, maternal grandsires, and their sons proofs by birth year. Means for milk 
yield, fat yield, and fat percentage were weighted by the milk and fat subset reliabilities. Those 
of protein and protein percentage were weighted by the reliabilities from the protein subset. 
Responses in the yields have been strongly correlated with the breeding objective( Meland et 
al., 1982; Lande and Arlond, 1983; Boettcher et al., 1993). Table 3 gives a summary of the 
gradual change in breeding goals over the last two decades (Wilson, 1995; Sattler, 1995, 
Table 3. Evolution of selection practices from 1970 to the present time in the AI industry. 
Economic weights" '' 
Time period Selection trait M F P %F %P FS 
Birth year of sires and 
maternal grandsires Goals in AI industry*^ 
1970 PTA milk and PTA type 
Up to 1974 Early 1970's PTA milk, PTA percentage 6 2.8 - - - 1 
fat, and PTA type 
Late 1970's PTA dollars and PTA type 
1974-1979 Early 1980's PTA fat and PTA type 1.7 4 2.2 
Mid 1980's PTA fat, PTA protein, 
and PTA type 
Since 1980 Late 1980's 
to present time PTA protein, and PTA type 4.5 3.8 4 
"Economic weights computed based on bull studs weights (Wilson, 1995; Sattler, 1995, personal communications) and the USDA prices 
(VanRaden; 1995, personal communication). 
''M^milk; F=fat; P=protein; %F=fat percentage; %P= protein percentage; FS=final score. 
"^The change in breeding objectives is gradual. 
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Table 4. Distribution of bulls by age (yr) at the time of first AI daughter and their usage patterns 
as bull sires and as maternal grandsires in the AI bull population. 
Number of bulls at time Number of bull Number of bulls used 
Age of first AI daughter % sires % as maternal grandsires % 
<=2.5 6663 96.20 6 0.09 
3 216 3.14 18 0.26 - -
4 20 0.29 9 0.13 3 0.04 
5 7 0.10 21 0.30 14 0.20 
6 10 0.15 452 6.53 41 0.59 
7 8 0.15 2172 31.37 80 1.16 
8 - - 1377 19.89 106 1.53 
9 - - 559 8.07 241 3.48 
10 - - 534 7.71 515 7.44 
11 - - 1092 15.77 890 12.85 
12 - - 684 9.88 1279 18.47 
13 - - - - 1472 21.26 
14 - - - - 1163 16.79 
15 - - - - 1120 16.18 
personal communications). The economic weights column shows the relative emphasis placed 
on each selection trait by time periods. 
Selection operates through choosing parents to produce future generations. The time 
intervals; up to 1974, 1974 to 1979, and since 1980 were defined to describe changes in sires' 
and maternal grandsires' merits (Table 3), and were labeled breeding period 1 (BPl), breeding 
period 2 (BP2), and breeding period 3 (BP3), respectively. 
To relate the changes in parents' merits to the evolution of breeding goals in the AI 
industry (Table 3), the time required for bulls that are candidates for selection to have their first 
proof completed (Table 4) need to be added to the time intervals based on parents' birth years. 
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For example, the 1974-1979 interval (BP2) corresponds to the period from the late 1970's to the 
mid 1980's in the description of the AI breeding objectives' evolution. On the other hand, the 
average generation intervals Gss and Ggb relate sons' performances to their sires' and maternal 
grandsires' performances. For example in the AI population, Gss (8.6 yrs) and Ggb (12.5 yrs) 
relate performances of sons bom in the 1982 to 1986 interval to the performances of their 
parents bom in BP2. 
Expected genetic responses Selection practices along with the generation intervals 
and SI have evolved over the years in the AI industry (Table 3 and Table 4). In this study, 
generation intervals (Table 2) were computed from the data. The intervals were calculated as 
the difference between parents and progeny birth dates (Van VIeck et al., 1987) in days and then 
were converted to years. For the selection intensities, a distinction should be made between the 
potential selection intensities (theoretically possible intensities) and the realized selection 
intensities. The realized selection intensities were estimated from the data by evaluation of 
parents' genetic superiority. For example, the realized selection intensities in the sire of bull 
path (SIss) for each breeding period were computed as; 
SIss = AGS/RELaa, (5) 
where AGS is the sires of sons genetic superiority (selection differential), 
REL is the average reliability for sires, and 
Oa is the genetic standard deviation for a given trait. 
The potential selection intensities were defined by consulting personnel of leading 
breeding organizations (21"' Century Genetics), or service AI organizations (NAAB). The flow 
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of genes and their rate of inheritance per year were based on the frequencies of bulls in different 
birth year groups from Table 4. A fraction of the maximum .5 genes possibly transmitted from a 
parent to his offspring was defined as the product of .5 and the frequency of parents' usage by 
birth year in each selection path. The gene flow for the sire of dam path was determined based 
on the average age of sires at first AI daughter for each sires' birth year group. That of the dam 
of sire path was estimated by comparison of the usage pattern of matemal grandsires and the 
sire to dam path. Finally, though there was presumably no dam of cow selection, the gene flow 
for that path had to be included in predicting genetic responses. The gene flow in the dam of 
cow path was approximated based on the literature (Harris and Freeman, 1991) and on 
information provided by the AI industry (Sattler, 1995, personal communication; Wilson, 1995, 
personal communication). The genetic parameters (Table 5 and Table 6) were from the 
literature. (Co)variances were assumed constant over the whole analysis. 
Genetic merit of parents, genetic trend realized in the population from which these 
parents were selected, and usage patterns of sires and matemal grandsires are essential to 
describe the selection applied. They are therefore used to calculate expected genetic gain. It is 
important to mention the overlap in the use of sires. Sires of some bulls were maternal 
grandsires of other bulls. Besides, the intensive use of outstanding sires over long periods of 
time results in longer generation intervals (Table 2). Population structure and population 
parameters required to predict the response by time period are summarized in Table 7. Yearly 
genetic gains were predicted following Harris and Freeman (1991). The response in milk, fat, 
and protein yields (kg), fat and protein percentages (%), and final score (unit) were predicted for 
multiple stage, single and multiple trait selection accounting for gene flow and overlapping 
Table 5. Phenotypic variances and covariances among the production traits (kg) and final score (unit). 
Milk" Fat" Protein' Fat percentage"-*' Protein percentage'*' Final score*"-"' 
Milk 3155420 
Fat 
Protein 
Fat percentage 
Protein percentage 
Final score 
96037 
4347 
90701 
3076 
3014 
-232.1968 
7.7843 
-3.0094 
0.1778 
-146.3361 
-0.3104 
0.1034 
0.0516 
0.0554 
1495.5772 
36.2024 
40.1933 
-0.20 
-0.30 
13.40 
'Welper and Freeman, 1990; ""Chauhan and Hayes, 1991; "^Misztal et al., 1992; ""Short and Lawlor, 1992. 
Table 6. Genetic variances and covariances among the production traits (kg) and final score (unit)'. 
Milk^ Fat" Protein" Fat percentage"'' Protein percentage*-*' Final score*'-''-' 
Milk 820412 
Fat 
Protein 
Fat percentage 
Protein percentage 
Final score 
16969 
1043 
19598 
568 
633 
-115.8814 
4.6483 
-1.3680 
0.1023 
-78.2694 
-0.2278 
-0.1331 
0.0305 
0.0311 
282.5060 
20.7753 
13.2421 
-0.10 
-0.15 
3.80 
"Welper and Freeman, 1990;''Chauhan and Hayes, 1991/MisztaI etal., 1992; ""Short and Lawlor, 1992. 
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Table 7. Population structure and parameters used to predict the genetic response for the 
production traits and final score in the AI industry by time period". 
Period 1 Period 2 Period 3 
Total registered cow population'' 800,000 800,000 800,000 
Number of sampled young bulls 1500 1500 1600 
Number of active bulls 600 600 600 
Number of young bulls selected 320 229 180 
Selection intensities; 
Young sires selected (%) 1 1 1 
Sires of males (%y 5 5 5 
Sires of cows (%)'' 10 10 10 
Dams of males (%) .5 .5 .5 
Average number of daughters of 
sires and maternal grandsires 1500 1500 1500 
Average number of daughters for 
progeny test of young sires 50 60 70 
Average number of records for 
bull mother's dam 5 5 5 
Average number of records for 
young sire's dam 2.5 2 1.8 
Age of young bull when progeny 
test is completed 7.5 6 5 
Repeatabilities: 
Milk .46 
Fat .38 
Protein .42 
Percentage fat .57 
Percentage protein .54 
Final score .40 
"Period 1; Early 1970's; Period 2 : Late 1970's to mid 1980's; Period 3 : Late 1980's. 
''Approximate number of cows in each time period. 
••Sires of males, 48 out of 320 in period 1; 35 out of 229 in period 2; 18 out of 180 in period 3. 
•"Sires of cows, 112 out of 320 in period 1; 69 out of 229 in period 2; 45 out of 180 in period 3. 
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generations. The prediction was done for three time periods (breeding periods). In each period, 
the population characteristics were defined from the data (sires and maternal grandsires' 
evaluations and the pattern of their usage), the literature (genetic parameters), and the industry 
as shown in Table 7. 
Estimation of realized genetic gain Sires, maternal grandsires, and bull proofs for the 
five production traits from FCE and for the three bull populations were sorted by year of birth. 
Actually, the unit of time used to evaluate progress was six months as this is the frequency of 
genetic evaluations. Realized genetic gains were thus examined as the yearly improvement in 
sons' merits (PTAs). Evolution of selection practices in the AI industry could be summarized in 
three major periods: 1) selection for milk yield and type, 2) selection for milk and fat yields and 
type, and 3) selection for mainly protein yield, milk yield, and type (Table 7). 
Preliminary investigation of sons' performances over time revealed different response 
periods (RP) (see Figures 1, 2, and 3) mainly for protein and fat yields, especially in the AI and 
the ELITE bull populations. The presence of different response periods leads to the use of the 
piecewise regression technique in SAS to investigate the genetic change. Time segments 
describing changes in the genetic response were defined by both the investigation of progeny 
performance plots over time (Figure 1, 2 and 3) and also by the evolution of selection practices 
in the AI industry over the years (table 3 and Table 7). The individual sons' PTAs were used in 
the analysis instead of the sons' weighted mean PTAs. Regression of the sons' individual proofs 
for each trait, weighted by the respective reliability, is more informative than the regression of 
the yearly PTA averages. The same model (IHa) was fit for the traits milk, fat, and protein 
yields, and fat and protein percentages in both the AI and ELITE bull populations. The overall 
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Figure 1. Milk yield mean PTAs (kg) for the AI bulls, bulls with at 
least 20 patemal half sibs (ELITE), and progeny tested and/or 
active AI bulls (ACTIVE) per six month time periods. 
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Figure 2. Protein yield mean PTAs (kg) for the AI bulls, bulls with at 
least 20 patemal half sibs (ELITE), and progeny tested and/or 
active AI 'bulls (ACTIVE) per six month time periods. 
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Figure 3. Fat yield mean PTAs (kg) for the AI bulls, bulls with at least 
20 paternal half sibs (ELITE)), and progeny tested and/or active 
AI bulls (ACTIVE) per six month time periods. 
genetic trend was not strictly linear in these two bull populations. It was rather partitioned into 
three distinct time segments following the changes of the breeding objective in the industry as 
well as changes in parents and sons' merits over time (see for example Figures 2, 3, and 4): 1) 
1977 to 1982; 2) 1982 to 1986; and 3) 1986 to 1990 and were called response period 1 (RPl), 
response period 2 (RP2), and response period 3 (RP3), respectively. 
It follows that RPl is characterized by a direct response for the yield of milk and 
correlated responses for the yields of fat and protein and also fat and protein percentages. RP2 
constitutes the period of direct responses for the yield and percentage fat while indirect 
responses concern the traits yields of protein and milk and protein percentage as well. Finally, 
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RP3 corresponds to direct responses for the yield of protein and indirect responses for the 
remaining traits. 
The statistical model was fit as three distinct linear pieces characterizing three different 
genetic trends. Therefore, the segmented regression technique in SAS was utilized to estimate 
the trend in each response period using the whole data. The join points were determined as the 
time where a major change, i.e., increase or decrease, in son's merit has occurred. The second 
halves of the birth years of 1981 and 1986 were found to distinguish between the three response 
periods (Figures 1,2, and 3). The general form of the model fit was: 
ai = Poi+piiBYi + ei if BYi <= 1981.5, 
= Po2 + Pi2BYi + ei if 1981.5 < BYi <= 1986.5, and [Ea] 
= Po3 + Pi3BYi + ei if BYi >1981.5, 
where Si is the son's PTA for the traits milk, protein, or fat yields, or fat and protein 
percentages in the birth year i; 
BYi is the son's birth year i, 
Poi, Po2, and ^03 are the intercepts for the periods 1, 2, and 3, respectively, 
pi 1, P12, and pi3 are the slopes for the periods 1, 2, and 3, respectively, and 
ei are ~ iid (0, cr) random errors. 
Under the restrictions of continuity of the functions in the join points (the second half of the 
birth year of 1981 and the second half of the birth year of 1986): 
l ) p o i + P i , ( I 9 8 1 . 5 )  =  po2 + Pi2 ( 1 9 8 1 . 5 )  
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2) p02 + Pi2 (1986.5) = Po3 + 13I 3(1986.5), 
nia reduces to: 
Si = Po + Pi BYi+ Pel (BYi -1981.5)I[BY>I98I.5]) + 
Pc2 (BYi -1986.5) I[BY>1986.5)) + Ci. [Illb], 
where po is the intercept, 
pi is the general slope, 
pel is the change in trend from period 1 to period 2, 
Pc2 is the change in trend from period 2 to period 3 
I is an indicator function that is equal to 1 if BYi is within the time interval and equal to 
0 otherwise, and 
ai, BYi, and ei are as defined in (Ilia). 
For the ACTIVE population, only proofs of sons bom between the birth year of 1982 and the 
birth year of 1990 were available for the analysis. There were only two distinct time trends for 
this population where the second half of 1986 was the join point (see for example Figures 1, 2, 
3, 15, 16, and 17). The model fit was: 
AI = po + p, BYi+ pe (BYi - 1986.5)I[BY>I986.5J) + CI, [HIc], 
where Po is the intercept. 
Pi is the general slope, 
Pe is the change in trend from period 2 to period 3, and 
a„ BYi, I, and Ci are as defined in (Dla, and lEb). 
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Distributions of progeny performances by response period 
Sons' PTAsfor milk, fat, and protein The distribution of sons' PTAs from the three 
breeding periods BPl, BP2, and BP3 was identified using a program developed by Janss 
(1994). The frequency of sons at each production level (PTAs) was computed using the 
histogram technique for univariate distributions (Scott, 1992). The density in a single bin was 
based on the normal reference rule. Mean, SD, and mode of PTAs of sons from each breeding 
period were computed for milk yield, fat yield, and protein yield. Only sons from the AI and 
ELITE bull populations were included in this part of the analysis. Sons from the ACTIVE bull 
population were discarded due to the limited sample size. 
Association of sons' high performance with selection The top 5% sires of bulls and 
the top 15% sires of cows are selected among sampled young bulls. Young bulls from the 95"^ 
percentile were 12 times more likely to enter the 5% sires of bulls than young bulls from the 5"^ 
percentile (Lohius et al., 1992). A young bull's rank on any trait should be explained by 
selection. For instance, the young bull pedigree selection, i.e., the bull's sire and maternal 
grandsire's genetic evaluations, the young bull reliability (number of the bull's daughters), and 
the breeding objective, etc. The factors or traits other than the rank variables that contributed to 
a young bull being in the top 1 % or 5% with respect to the yield traits were identified by using 
logistic regression technique. The logistic regression technique was used to evaluate in 
retrospect the importance of a range of variables, Xj (Table 8), on a young bull's rank. The 
search for significant variables, Xj, was done by the stepwise selection technique in SAS for 
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Table 8. Variables other than the rank trait used to explain a bulls' rank on his FTA for milk, 
fat, or protein'' 
Rank trait 
Explanatory variables Milk Fat Protein 
Milk - X X 
Fat X - X 
Protein x x -
Sire milk x x x 
Sire fat X x x 
Sire protein x x x 
g milk XXX 
g fat X X X 
g protein x x x 
BPl XXX 
BP2 XXX 
BP3 XXX 
Weight variable REL REL PREL 
"g'.Maternal grandsire; BPl; Breeding perid 1 (1970-1974); BP2: Breeding period 2 (1974-1979); 
BP3: Breeding period 3 (1979-1982); REL; Reliability; And PREL; Protein reliability. 
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logistic regression. The 5% significance level was the upper limit for a variable to be considered 
important in explaining a bulls' rank. 
Bulls are ranked perfectly for single traits, e.g., milk yield, by the USDA animal model 
genetic evaluation procedure. Provided, of course, that the model for PTAs is correct. Other 
variables may influence the ranking determined by the genetic evaluation procedure because 
they are correlated with information that may or may not be used by the genetic evaluation 
procedure. Let y be a binomial variable whose outcome is one if the bull was ranked in the top 
1% or 5% (j= 1% or 5%) and zero otherwise, and: 
Yi j  =  P  {y i j  =  l lX=Xi j }  +e i j ,  
where ey are independent, ECey) = 0, and V(eij) = P(l-P). 
Then a logistic regression model can be used to explain the effect of the explanatory variables 
on the ranking, i.e., model the odds of a bull being in the top 1 % or 5%. The general form of the 
logistic regression model (the link function) that links the probability of a bull being in the top 
1 % or 5% to the variables Xj (Agresti, 1990) is: 
P(y:| = IIX = X::) 
Log( ^)=0Cj+y, Pi jX i j ,  [IV], 
where aj is the intercept, 
P ij is the regression coefficient for x y, 
X ij is the j"' outcome for the i"' explanatory variable, and 
n is the number of significant explanatory variables. 
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RESULTS 
Regression analysis 
Theoretical weights Approximate theoretical weights for predicting a bull's PTA 
from his sire's and maternal grandsire's genetic evaluations are given in Table 9. Theoretical 
weights were computed for selected numbers of daughters and from the data for both FCE and 
MRE. Weights from the data were computed as averages of those corresponding to each 
individual bull rather than by using the overall average number of daughters for sons, sires, and 
maternal grandsires. These results are in agreement with previous reports (Van Vleck, 1982; 
Van Vleck, 1989; Westell and Van Vleck, 1985). Weights of the sires' evaluations closely 
agreed with those reported by Van Vleck (1982) with or without the dam and/or the maternal 
grandsire included in the derivation of weights. The maternal grandsire contribution, on the 
other hand, was nearly in the same range as the value derived from regressing a son's PTA on 
his dam's PTA and his matemal grandsire's PTA, as in Van Vleck (1982). In general, the 
weights corresponding to the matemal grandsire differed from those previously reported where 
both the dam and the matemal grandsire were part of the regression equations. 
The number of daughters of the bull seemed to affect the weights the most with the 
sire's number of daughters being nearly as important. Overall, large numbers of daughters 
resulted in a weight of .50 for the sire and a weight of .25 for the matemal grandsire regardless 
of the heritability range. Larger weights for both sires and matemal grandsires were associated 
with few daughters, however, low numbers of daughters tended to affect the weights the most 
for the lower heritability. That is, the theoretical weights are much larger than the .50 limit with 
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Table 9. Approximate theoretical weights for the regression of bull (b) PTAs on his sire (s) and 
his maternal grandsire (g) PTAs". 
No of daughters of 
Coefficients 
h^ 
.25 .50 
b s g ^ab.as ^ab.ag ^ab.as ^ab.ag 
20 20 20 .662 .343 .553 .268 
40 40 40 .612 .311 .521 .255 
40 100 100 .547 .274 .507 .251 
40 500 1000 .509 .252 .501 .250 
100 5000 5000 .501 .251 .500 .250 
1000 10000 10000 .501 .250 .500 .250 
1000 100 10000 .569 .250 .501 .250 
10000 10000 10000 .500 .250 .500 .250 
First crop evaluations'' 
AI 28 9994 28028 .516 .251 .504 .250 
ACTIVE 25 3072 21913 .533 .251 .510 .250 
ELITE 27 10523 28707 .515 .251 .504 .250 
Most recent evaluations 
AI 539 23965 34461 .515 .251 .504 .250 
ACTIVE 181 16388 28992 .501 .250 .500 .250 
ELITE 540 25331 35336 .504 .251 .500 .250 
A l :  A I  s i r e s  b o r n  i n  o r  a f t e r  1 9 7 0 ;  A C T I V E :  p r o g e n y  t e s t e d  a n d / o r  a c t i v e  b u l l s ;  a n d  E L I T E :  p a t e r n a l  h a l t '  
sib bulls progenies of sires with 20 sons or more. 
''Number of bull's daughters is less or equal to 75 for first crop evaluations and greater than 75 for most 
recent evaluations. 
with heritability at .25 for similar numbers of daughters. Besides, progressively increasing the 
number of daughters did not induce as fast a convergence toward the limit as was the case for 
the greater heritability. Theoretical weights from the first crop evaluations (FCE) and for the .25 
heritability seemed slightly greater than what is expected if the overall numbers of daughters 
44 
were used in the computation, because they were averages of weights corresponding each to an 
individual son. If the number of daughters 28, 9994, and 28028 (Table 9) for the son, the sire, 
and the maternal grandsire, respectively, were used in the computation, they would have 
resulted in a weight of .500 as compared to a weight of .516 for the sire . Because there was a 
large number of large individual weights as a result of greater proportions of young bulls and 
sires with low numbers of daughters, the average sire weight was relatively large. In the AI bull 
population, 40 % of sons had 20 daughters or less and almost 20 % of sires had less than 2500 
daughters. 
In practice, that is, it is expected that genetic evaluations based on small numbers of 
daughters overestimate a son's genetic merit when predicted from his sire's and maternal 
grandsire's merits. The overestimation is less marked in the case of highly heritable traits. 
Actual regression weights Actual regression coefficients for predicting a young 
bulls' PTA from his sire's PTA and his maternal grandsire's PTA for FCE and MRE are listed 
in Tables 10 and 11. Sire weights from FCE were consistent with previous reports (Seiner et al., 
1988; Van Vleck, 1989; Ferris et al., 1990). Estimates ranged from .42 to .54 (Table 10), which 
is nearly the range of the theoretical weights, .505 to .533 (Table 9). On the other hand, the 
maternal grandsire weights were consistent with the theoretical expectations but not with 
previously reported results. They ranged from .19 to .32 (Table 10) as compared to almost .25 
(Table 9) as an approximate theoretical weight. Van Vleck (1989) reported -.29 from regressing 
bulls evaluations on their dam, sire, and maternal grandsire evaluations where the sire, the dam, 
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Table 10. Actual weights from the regression of first crop bulls (b) PTAs on their sires (s) and 
their maternal grandsires (g) PTAs". 
Number of Coefficient'' 
Trait b s g b, b2 (t> 
AI 6924 287 290 
Milk .47 (.02)' .23 (.03) .87 (.09) 
Fat .48 (.01) .20 (.01) .84 (.06) 
Protein .51 (.01) .21 (.01) .81 (.07) 
Percentage fat .48 (.01) .23 (.01) .75 (.18) 
Percentage protein .48 (.01) .23 (.00) .68 (.15) 
ACTIVE 1344 85 51 
Milk .46 (.04) .27 (.03) .50 (.22) 
Fat .43 (.03) .20 (.03) .67 (.18) 
Protein .54 (.04) .32 (.03) .54 (.24) 
Percentage fat .46 (.02) .24 (.03) .50 (.47) 
Percentage protein .47 (.02) .22 (.02) .74 (.29) 
ELITE 6116 56 231 
Milk .42 (.02) .21 (.01) .82 (.07) 
Fat .44 (.01) .19 (.01) .84 (.06) 
Protein .49 (.02) .19 (.01) .76 (.10) 
Percentage fat .48 (.01) .23 (.01) .34 (.35) 
Percentage protein .48 (.01) .22 (.01) .56 (.20) 
: AI sires born in or after 1970; ELITE: paternal half sib bulls progenies of sires with 20 sons or 
more; and ACTIVE: progeny tested and/or active bulls. 
''Estimates of model (II). 
••"Standard error of estimate are in parenthesis. 
and the maternal grandsire were simultaneously evaluated with an animal model. The .same 
author also reported .06 from the Northeast evaluation. Ferris et al. (1990) used simple linear 
regression to predict a son's predicted difference milk from his dam's index milk, his sire's 
predicted difference milk, and his maternal grandsire's predicted difference milk for 2826 bulls 
sampled by AI organizations. They reported from various regression models a constant sire 
weight (.41) but a wide range for the maternal grandsire weights (.12 to .33). If the negative 
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Table 11. Actual weights from the regression of most recent evaluation bulls (b) FT As on their 
sires (s) and their maternal grandsires (g) PTAs". 
Number of Coefficient'' 
Trait b s g bi b2 (j) 
AI 1213 118 106 
Milk .43 (.03)' .17 (.03) .72 (.47) 
Fat .39 (.02) .20 (.03) d 
Protein .43 (.03) .17 (.03) .50 (.53) 
Percentage fat .48 (.03) .21 (.03) -
Percentage protein .48 (.02) .16 (.03) .50(3.1) 
ACTIVE 100 22 13 
Milk .71 (.10) .32 (.10) -
Fat .41 (.11) .17 (.09) -
Protein .63 (.13) .41 (.14) .04(1.3) 
Percentage fat .45 (.11) -.04 (.18) -
Percentage protein .47 (.09) .15(.ll) -.62(1.3) 
ELITE 1094 53 91 
Milk .36 (.04) .14 (.03) .50 (.45) 
Fat .37 (.03) .17 (.03) .37 (.84) 
Protein .36 (.04) .14 (.03) .64 (.32) 
Percentage fat .49 (.03) .22 (.03) -
Percentage protein .49 (.02) .17 (.03) -
^ A I ;  A I  s i r e s  b o r n  i n  o r  a f t e r  1 9 7 0 ;  E L I T E ;  p a t e r n a l  h a l f  s i b  b u l l s  p r o g e n i e s  o f  s i r e s  w i t h  2 0  s o n s  o r  
more; and ACTIVE: progeny tested and/or active bulls. 
''Estimates of model (II) 
'^Standard error of estimate are in parenthesis. 
''Regression did not provide estimates for the first order autoregressive process AR (I). 
weight in Van Vleck (1989) was explained by the fact that the dam accounted for all the 
information that would have otherwise been explained by the maternal grandsire, the slight 
departure of the maternal grandsire weights from the theoretical expectations might, in this 
study, be explained by the overlap in the sire and maternal grandsire usage. When sires and 
maternal grandsires were assumed related, the sires' weights still converged towards .50 but 
those of the maternal grandsires reached a zero liniit. 
The number of sons and their ancestors used in the regression seemed to greatly affect 
the weights. That is, there was a disturbing trend in the regression estimates from relatively 
limited numbers of animals in the case of MRE, especially for the ACTIVE bull population. On 
the other hand, the genetic evaluation (FCE vs MRE) slightly affected the sire weights in the AI 
and ELITE bull populations. The sire weights ranged from .36 to .49 (Table 10) in the AI and 
ELITE populations. The maternal grandsires' weights, on the other hand, were in the .14 to .22 
range for these two populations. For the ACTIVE bull population, however, both sire and 
maternal grandsire weights were inconsistent with their expectations. In fact, the MRE seemed 
to have resulted in increased regression coefficients for the traits of milk yield and protein yield, 
and for both parents. Recently, milk and protein yields are among the heavily weighted traits in 
the selection criteria and daughters from outstanding bulls with respect to these two traits might 
have been preferentially treated in subsequent lactations. We should, however, be cautious in 
drawing such a conclusion because the regression was only for 100 bulls on 22 sires and 13 
maternal grandsires. The matemal grandsires' weights from MRE in the ACTIVE bull 
population were more variable and inconsistent as compared to those from FCE. Thus they 
were farther from their respective theoretical weights. 
Fitting the bulls birth years within their sires birth years to follow an AR (1) model 
greatly improved the regression model in the case of large samples. That is expected because 
the model accounted for the fact that sires have contributed more sons that were present in 
different and larger birth year groups. Indeed, estimates of the autoregression coefficient ((])) 
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Figure 4. Autocorrelation among genetic evaluations of sons from 
consecutive birth years within their selected sires'birth year 
groups for milk (M), fat (F), and protein (P) yields, and fat 
percentage (%F) and protein percentage (%P) for the AI 
population. 
ranged from .34 to .87, with that corresponding to percentage fat in the ELITE bull population 
being the only nonsignificant estimate. When compared across traits, <[) estimates for yields 
(mainly milk yield and fat yield) were consistently greater than estimates corresponding to the 
percentage traits. These differences in (]) estimates with respect to the various traits were better 
established in the AI and ELITE bull populations than in the ACTIVE bull population. 
Significant AR(1) estimates suggest that after adjusting for the genetic trend of sires (model II), 
merits of sons sired by the same birth year group sires and bom in two consecutive years (i.e., 
49 
are progenies of two consecutive genetic groups of dams) are related by only <]). The relation 
decreases as sons are bom farther apart in time due to the genetic trend from dam selection and 
also management differences. For example, for the AI population and for the trait milk yield 
(Table 9), genetic merits of sons from two consecutive birth years are related by <j) = .87, by (j)" = 
.76 if sons were from every other birth year group, by only (j)^ = .66 if sons were bom two years 
apart, etc. (see Figure 4). 
The AR (1) was much less effective for the most recent genetic evaluations (MRE) than 
for the first crop evaluations (FCE). In fact, some ^ estimates were either nonsignificant or out 
of the possible range for the open interval (-1, 1) of the coefficient ((|)), in the AI, ACTIVE, and 
ELITE bull populations. This might, in part, be due to random variation in the late evaluations 
of sons bom in different birth year groups. Another reason might be the limited number of sons 
in each sons' birth year group due to culling from earlier evaluations and also to limited sons' 
birth year classes within sires' birth years. 
Comparisons of theoretical and actual weights for predicting a young bull's PTA from 
his sire's and maternal grandsire's PTAs proved that sires and maternal grandsires have 
contributed to their sons genetic make up as expected. Both sire's and maternal grandsire's 
weights were in the 90 to 100% range of their approximate expectations. That is, the animal 
model procedure is an effective tool for genetic evaluations. It is thus expected that selection of 
best animals ranked on their evaluations from the animal model would serve the industry 
breeding objectives. The next step is to assess if realized genetic responses have met the 
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potential for improvement in the Holstein population. That is, examine if genetic gains from 
intensive selection agree with their expectations. 
Genetic superiority of sires and maternal grandsires 
Weighted means of estimated PTAs, by birth year and by bull population, for the 
selected sires and maternal grandsires are in Tables 12, 14, and 16. The means of their 
respective sons are in Tables 13, 15, and 17. The trends for the yield traits of milk, fat, and 
protein are plotted in Figures 5, 6, 7, 10, 11, 12, 15, 16, and 17. And the trends for fat 
percentage and protein percentage are plotted in Figures 8, 9, 13, 14, 18 and 19. In each Figure 
are plotted simultaneously the mean PTAs of sons with those of their respective ancestors. 
Indeed, there was evidence for three distinct time periods in the mean PTA trends of selected 
parents for the three yield traits. These periods were well established in both the AI and ELITE 
bull populations: 1) BPl: The period preceding 1974, the year where the MCC was 
implemented; 2) BP2: The period from 1974 to 1979; and finally 3) BP3: The period from 1979 
to 1984. 
The first period (BPl) was practically identical in trend for milk, fat, and protein yields, 
mainly in the AI and ELITE populations. The BPl featured relaxed requirements for sires and 
maternal grandsires to be used as breeders of future generations. It, however, ended with a 
sizable increase in the selected parents PTAs with the availability of the MCC genetic 
evaluations in 1974. The genetic merits for parents were increased by almost 400 kg, 6 to 8 kg, 
and 7 kg for milk, fat, and protein, respectively (see Tables 12 and 14 and Figures 5, 6, 7, 10, 
11, and 12). The overall sires' mean PTAs over the whole BPl were 438 kg (SD = 326 kg), 
Table 12. Realized first crop mean PTAs for AI bulls sires (s) and maternal grandsires (g) by birth year. 
Trait 
Parent Birth year n Milk Fat Protein % fat % protein 
kg % 
70 43 184.3 9.61 9.24 0.034 0.024 
71 19 82.7 1.39 3.96 -0.018 -0.001 
72 160 294.1 4.48 10.50 -0.067 -0.000 
73 449 231.2 10.73 11.08 0.028 0.028 
74 703 707.7 14.98 16.94 -0.110 -0.068 
75 874 710.4 31.51 21.43 0.064 -0.022 
s 76 444 473.5 12.11 13.24 -0.052 -0.031 
77 694 581.8 28.08 17.24 0.060 -0.023 
78 693 672.5 25.81 19.29 0.018 -0.032 
79 891 440.3 19.46 18.66 0.041 0.039 
80 692 545.1 19.16 20.29 -0.002 0.021 
81 898 657.4 26.93 21.12 0.036 -0.008 
82 331 628.9 28.64 23.50 0.067 0.029 
83 20 782.8 22.10 24.58 -0.063 -0.010 
70 666 160.5 5.35 6.96 -0.004 0.007 
71 169 121.8 0.42 4.14 -0.044 -0.012 
72 871 250.1 5.19 10.04 -0.041 0.009 
73 1905 270.9 11.23 11.10 0.017 0.024 
74 1783 690.0 18.72 20.38 -0.064 -0.025 
75 533 642.5 29.08 19.44 0.064 -0.021 
g 76 381 543.7 13.30 15.76 -0.066 -0.026 
77 280 620.5 27.27 17.30 0.056 -0.036 
78 168 643.1 25.81 19.30 0.030 -0.022 
79 113 454.3 19.80 20.06 0.039 0.049 
80 30 436.7 11.29 13.79 -0.047 -0.013 
81 16 483.0 13.10 15.44 -0.046 -0.011 
82 6 576.5 21.77 20.41 0.014 0.013 
Table 13. Realized first crop mean PTAs for AI sons by birth year. 
Trait 
Birth year n Milk Fat Protein %fat % protein 
% 
77 3 -86.9 5.91 O.Il 0.106 0.016 
78 8 26.6 -0.24 0.62 -0.014 -0.019 
79 25 1.7 -1.57 2.31 -0.018 0.015 
80 43 96.5 4.21 5.12 0.009 0.008 
81 114 224.8 8.17 8.35 0.002 -0.000 
82 203 287.0 8.34 9.34 -0.020 -0.010 
83 390 312.5 9.81 9.87 -0.014 -0.012 
84 625 392.1 12.29 10.81 -0.018 -0.025 
85 929 471.9 15.39 12.39 -0.016 -0.024 
86 1276 538.8 19.69 15.69 0.005 -0.011 
87 1353 569.2 22.29 16.78 0.021 -0.009 
88 1398 671.2 26.56 19.75 0.028 -0.010 
89 557 745.4 27.81 22.09 0.012 -0.008 
Table 14. Realized first crop mean PTAs of sires (s) with 20 sons or more and the sons maternal grandsires (g) by 
birth year. 
Trait 
Parent Birth year n Milk Fat Protein % fat % protein 
Iff* % fV 
70 19 157.9 7.74 6.23 0.023 -0.001 
72 100 342.9 5.06 11.49 -0.080 -0.006 
73 406 262.5 12.35 12.49 0.033 0.033 
74 669 743.9 15.61 17.79 -0.117 -0.071 
75 818 743.9 33.10 22.27 0.068 -0.024 
s 76 371 522.1 12.83 14.99 -0.063 -0.023 
77 613 606.8 30.55 18.27 0.096 -0.021 
78 656 693.5 26.30 19.76 0.015 -0.034 
79 819 440.1 20.29 19.34 0.050 0.047 
80 599 592.9 19.61 21.85 -0.017 0.022 
81 790 677.5 28.24 21.59 0.043 -0.010 
82 256 646.7 30.31 25.09 0.078 0.041 
70 552 169.8 5.42 7.18 -0.006 0.006 
71 125 143.7 1.01 4.85 -0.046 -0.011 
72 715 279.2 5.99 11.04 -0.044 0.011 
73 1741 274.2 11.39 12.13 0.018 0.025 
74 1635 693.8 18.79 20.46 -0.065 -0.026 
75 471 645.3 29.15 19.44 0.064 -0.022 
g 76 355 560.8 13.54 16.09 -0.069 -0.028 
77 227 638.7 26.68 17.30 0.042 -0.042 
78 144 642.1 25.73 19.29 0.029 -0.022 
79 105 451.4 20.02 20.17 0.043 0.052 
80 24 494.6 12.92 15.56 -0.052 -0.014 
81 15 496.4 13.24 15.55 -0.049 -0.015 
82 6 576.5 21.77 20.41 0.015 0.013 
Table 15. Realized first crop mean PTAs of bulls progeny of sires with 20 sons or more by birth year. 
Trait 
Birth year n Milk Fat Protein %fat % protein 
nf Kg to 
77 2 -55.7 7.61 2.55 0.112 0.033 
78 1 34.9 -5.00 0.86 -0.072 -0.019 
79 7 102.3 -0.29 4.07 -0.044 -0.000 
80 15 56.9 4.24 4.46 0.025 0.016 
81 78 267.4 9.45 9.45 -0.001 -0.003 
82 151 329.2 9.36 10.48 -0.026 -0.012 
83 312 344.7 10.95 10.75 -0.014 -0.014 
84 530 424.7 13.18 11.63 -0.021 -omi 
85 855 483.1 15.65 12.65 -0.018 -0.025 
86 1196 547.4 20.14 15.98 0.006 -0.010 
87 1236 580.2 22.73 17.21 0.021 -0.008 
88 1270 676.2 26.96 19.99 0.029 -0.008 
89 463 751.9 28.17 22.29 0.013 0.008 
Table 16. Realized first crop mean PTAs for progeny tested and/or active AI bulls sires (s) and maternal grandsires (g) 
by birth year. 
Trait 
Parent Birth year n Milk Fat Protein % fat % protein 
kg % 
72 2 353.1 3.36 10.45 -0.103 -0.022 
73 15 291.8 13.47 13.98 0.034 0.039 
74 7 535.8 9.14 10.76 -0.109 -0.079 
75 3 525.2 6.97 14.11 -0.129 -0.039 
76 26 606.6 15.29 14.17 -0.017 -0.028 
77 169 563.9 32.65 18.71 0.136 -0.002 
78 155 727.3 28.55 21.29 0.026 -0.029 
79 217 464.5 20.80 20.89 0.046 0.056 
80 201 560.2 21.87 21.79 0.021 0.033 
81 396 678.2 27.46 21.77 0.034 -0.008 
82 138 614.8 28.31 23.66 0.069 0.036 
83 12 859.2 24.16 27.48 -0.069 -0.004 
72 24 327.2 4.43 10.41 -0.081 -0.013 
73 795 289.8 13.39 13.90 0.034 0.039 
74 27 545.4 10.67 11.09 -0.097 -0.079 
75 22 481.9 7.83 13.76 -0.103 -0.028 
76 45 600.5 21.91 17.94 0.005 -0.022 
77 177 657.3 30.06 18.82 0.071 -0.031 
78 130 726.1 28.44 21.22 0.030 -0.029 
79 85 459.9 21.87 21.45 0.059 0.033 
80 22 497.7 11.94 16.13 -0.064 -0.009 
81 10 586.8 18.42 19.84 -0.028 0.002 
82 5 581.1 25.01 22.88 0.049 0.038 
Table 17. Realized first crop mean PTAs for progeny tested and/or active AI bulls by birth year. 
Trait 
Birth year n Milk Fat Protein % fat % protein 
% 
82 2 382.2 9.88 10.99 -0.042 -0.024 
83 9 371.8 11.31 11.64 -0.021 -0.016 
84 21 466.2 14.18 11.12 -0.027 -0.041 
85 41 499.0 18.73 12.95 0.010 -0.027 
86 192 480.0 19.49 15.86 0.026 0.011 
87 314 533.8 22.10 16.40 0.033 -0.001 
88 540 659.0 26.35 19.79 0.030 -0.004 
89 226 726.2 27.29 21.94 0.014 -0.004 
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Figure 5. PTA milk yield (kg) of selected sires and maternal grandsires 
and their AI sons. 
Figure 6. PTA protein yield (kg) of selected sires and maternal grandsires 
and their AI sons. 
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Figure 7. PTA fat yield (kg) of selected sires and maternal grandsires and 
their AI sons. 
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Figure 8. PTA protein percentage of selected sires and maternal grandsires 
and their AI sons. 
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Figure 9. PTA fat percentage of selected sires and maternal grandsires and 
their AI sons. 
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Figure 10. PTA milk yield (kg) of selected sires and maternal grandsires 
and their progenies, paternal half sibs from sires with 20 sons or 
more. 
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Figure 11. PTA protein yield (kg) of selected sires and maternal grandsires 
and their progenies, paternal half sibs from sires with 20 sons or 
more. 
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Figure 12. PTA fat yield (kg) of selected sires and maternal grandsires and 
their progenies, paternal half sibs from sires with 20 sons or 
more. 
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Figure 13. I'TA protein percentage (%) of selected sires and maternal 
grandsires and their progenies, paternal half sibs from sires with 
20 sons or more. 
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I'igurc M. ITA fat percentage (%) of selecled sires and maternal 
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20 sons or moie. 
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Figure 15. PTA milk yield (kg) of selected sires and maternal grandsires 
and their progeny tested and/or active A1 sons. 
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Figure 16. PTA protein yield (kg)of selected sires and maternal grandsires 
and their progeny tested and/or active AI sons. 
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Figure 17. PTA fat yield (kg) of selected sires and maternal grandsires and 
their progeny tested and/or active AI sons. 
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Figure 18. PTA protein percentage of selected sires and maternal 
grandsires and their progeny tested and/or active AI sons. 
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Figure 19. PTA fat percentage of selected sires and maternal grandsires 
and tiieir progeny tested and/or active AI sons. 
12.5 kg (SD = 8.3 kg), and 13.4 kg (SD = 7.3 kg) in milk, fat, and protein yields, respectively, 
in the AI bull population. This is equivalent to almost one genetic standard deviation (Oa) above 
the 1990 base with REL = .99 for the yields of milk and protein, and .80a for fat yield with the 
same rehability. But only the mean PTAs of milk yield showed substantial increase (270 kg) in 
the case of the ACTIVE population. The whole period mean PTAs for sires and maternal 
grandsires (Table 17) of this bull population (ACTIVE) were lower than their analogous 
contemporaries in the AI and ELITE bull populations. This is probably caused by the limited 
number of sires (17) born in this period that are parents of currently active bulls. These sires 
might have been outstanding in traits other than yields. Although fat and protein PTAs did not 
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feature a surge similar to the one observed in PTA milk yield, they were moderately large since 
the beginning of BPl in the ACTIVE bull population (see Tables 14 and Figures 15, 16, and 
17). If large PTA milk yield in all bull populations suggests that milk yield was the main 
breeding objective in PBl, moderate fat yield and protein yield PTAs in the ACTIVE group 
(almost one cTa in both fat and protein yields), imply that sires outstanding in milk but very poor 
in fat and protein did not return to service following the MCC evaluations. 
The period from 1974 to 1979 or BP2 was characterized by a moderate and steady 
increase in parent's merit with respect to all production traits. On average, parents of the AI and 
ELITE bull populations, were 635 kg, 23 kg, and 18 kg above the Holstein population mean 
(cows bom in 1990) in the PTAs for milk yield, fat yield, and protein yield, respectively (see 
Tables 12 and 14 and Figures 5, 6, 7, 10, 11, and 12). Sires were averaging around 1.40a 
(SD=253 kg for milk and 7 kg for protein) in the yields of milk and protein and 1.7aa (SD=12 
kg) in fat yield. The maternal grandsires' mean PTAs in all yield traits were 3<Ja lower than 
those of sires in the AI bull population. Parents of the ELITE bull population were only about 
• lOa better than those of sires and maternal grandsires of the AI bull population. Suprisingly, 
during this period, parents of the ACTIVE bulls were averaging almost 45 kg milk, 4.5 kg fat, 
and 2 kg protein less than the AI and ELITE populations (see Table 16 and Figures 15, 16, and 
17). This is indicating again that type and other secondary traits played an important role in 
selecting active bulls. However, the increasing trend in all production traits was clearer and well 
established in the ACTIVE bull population with that of fat being the greatest and the most 
variable from one year to another. It appears that during the year right after the MCC 
evaluations began, parents were selected solely on milk yield. That is, the 1975 sires' and 
maternal grandsires' merits were more than 720 kg (1.6(ya) in milk yield FT As above the 1990 
base for the AI and ELITE bull populations. Thereafter, it declined to then regain a trend similar 
to that of fat and protein. 
Differences in parents' genetic merit averages and in their trends for genetic merit 
between those of the ACTIVE bull population and those of the AI and ELITE bull populations 
suggest that this segment of time (1974 to 1979) constituted a transition period during which 
breeding objectives were being redefined in the AI industry. Selection pressure was no longer 
only on milk and fat yields but also on protein and type (Table 3). Even though fat yield mean 
PTAs were the greatest in standard deviation units in all bull populations, selection pressure 
was nearly as important for milk yield and protein yield due to the large genetic correlations 
among the yield traits. 
The third period (1979 to 1984) or BPS featured a decline in the parents milk yield 
PTAs followed by an increasing trend. A similar trend was observed for fat yield PTAs and for 
both sires and maternal grandsires. For protein yield, on the other hand, the same level at the 
end of the BP2 was maintained to start BP3. And it was then followed by an increasing trend 
(see Tables 12, 14, and 16 and Figures 5, 6, 7, 10, 11, 12, 15, 16, and 17). Genetic levels over 
the whole third period were 500 to 610 kg milk, 18 to 23 kg fat, and 18 to 23 kg protein better 
than the Holstein cow population average for maternal grandsires and sires, respectively. The 
decline in the PTA milk was accompanied by up to 5 kg (.4aa) increase in the protein yield PTA 
in the case of the ACTIVE bull population, especially for the sires of bulls (Table 16). 
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Expressed in genetic standard deviation units, mean PTAs for milk and fat yields were in the 
1.5 to 1.6 <Ja range across all bull populations. Selection for protein yield reached its peak in this 
period. Mean PTAs for sires and maternal grandsires in protein yield were between 1.8 to two 
Oa. 
There were, however, no discernible differences between the different bull populations. 
BP3 marks the progressive change in breeding goals from predominantly milk and fat yields to 
mainly protein yield. Parents' average merits were comparable across the three bull populations. 
Those of the ACTIVE bulls, contrary to the previous period, seemed to be slightly greater for all 
production traits. 
During the first two periods, BPl and BP2, both sires and maternal grandsires of bulls 
seemed to have comparable genetic merits when selected on production traits. That is, maternal 
grandsires were as intensively selected as were the sires of bulls. However, there was a clear 
distinction between sires and maternal grandsires performances in the third period. In fact, sires 
had larger PTAs with respect to all yield traits, milk, fat, and protein. Sires and maternal 
grandsires, in this study, were selected among fractions of the population that were investigated 
by Cassell et al. (1992) and Meinert et al. (1991, 1992). Genetic rates achieved by AI sires from 
first crop daughters records were estimated at 58 kg milk and 1.5 kg fat before 1978 and 176 kg 
milk and 5.5 kg fat after 1978 (Meinert, 1992). Meinert (1992) also found that sires' proofs 
from first crop daughters decreased constantly before and after 1976 by up to 28 kg milk and 1 
kg fat with the inclusion of additional records in the evaluation. 
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Fat and protein percentages are documented the least in the literature. Lee and Freeman 
(1985) reported a steady decline in both predicted difference fat percentage for males and cow 
index fat percentage for females from 1960 to 1978. The decline was caused by great 
improvement rates in milk yield. Protein was not a part of the selection goal until recently ( mid 
1980's) in the AI industry. Mean PTAs for fat and protein percentages from the AI bull 
population are in Figures 5 and 6, those from the ACTIVE bull population are in Figures 18 and 
19. Sires and maternal grandsires' fat percentage and protein percentage merits showed no clear 
trend from the birth year of 1970 to the birth year of 1977 in the AI bull population (see Figures 
8 and 9). Mean PTAs were fluctuating around the Holstein population mean (the base 1990). 
Though parents' merits were still fluctuating in the period of the birth year of 1979 to the birth 
year of 1984, they appeared to be above the Holstein population mean more often. Similar 
trends were observed in the ACTIVE bull population except that fat percentage mean PTAs 
were clearly on the positive side of the 1990 base since the birth year of 1978, especially for the 
sires of bulls. 
Contrary to fat percentage, sires and maternal grandsires' protein percentage mean 
PTAs were around zero from the birth year of 1970 to the birth year of 1973, but strictly below 
zero over the whole 1974 to 1978 period in the AI bull population (see Figure 8). Parents' 
merits then fluctuated above the population mean till the birth year of 1984. The trend was 
similar in the ACTIVE bull population (Figure 18). The large decline in the protein percentage 
mean PTAs during the period of 1974 to 1979 was expected following the surge in milk yield 
PTAs with the availability of the MCC evaluations. Furthermore, the period of the birth year of 
1974 to the birth year of 1979 corresponds to the time where selection was for milk and fat 
yields, and type (Table 3). The sires' overall mean PTAs for fat and protein percentages were all 
below zero, those of fat percentage were above zero, and all above zero in the first, second, and 
third selection periods (BP), respectively, as defined by the parents' years of birth. The maternal 
grandsires' mean ITAs, on the other hand, were all below zero over all the same periods in the 
AI and ELITE bull populations. Maternal grandsires' mean PTAs from the first period were the 
lowest. Those from the third period were the greatest and were nearly confounded with the 
whole population mean (cow bom in 1990). In the ACTIVE bull population, the overall mean 
PTAs of sires of currently active bulls were positive during all three periods for fat and negative 
only during the second period (BP2) for protein. This explains in part why even though these 
sires were not as outstanding in milk yield, they still have active AI sons. Maternal grandsires' 
mean PTAs for the components were negative only in BPl. The largest mean PTAs for both 
sires and matemal grandsires in fat and protein percentages were observed in BP3 (1979 to 
1982). Sires of sons were genetically superior to the matemal grandsires of sons. The largest 
mean PTA fat percentage was from the ELITE bull population and corresponded to .26 Oa for a 
.88 sire reliability. The highest mean PTA for protein yield was observed in the ACTIVE bull 
population. It was equivalent to .32 Ga for the same reliability. 
Plots of sons' mean PTAs for fat and protein percentages showed two distinct trends. 
First, there was a decline up to a minimum around the birth year of 1984 (Figure 9 and Figure 
14). Such a decline was sharper in the case of protein percentage. Second, there was an 
increasing trend from 1985 till 1989. Less distinctive were the trends of fat and protein 
percentages in the ACTIVE bull population (Figure 19). Actually, there was an increase in the 
two traits mean PTAs over much of the 7 year period (1982 to 1989), followed by a moderate 
decline at the end of that period. 
Generation intervals 
The generation intervals Gss and Ggb are in Table 2. The generation interval was 
computed as the difference between progenies and parents' birth dates. The generation intervals 
were calculated by the sons' birth years. The trend in the Gss (generation interval of the sire of 
bull path) intervals is illustrated in Figure 20 by the birth years of sons over the 1977 to 1989 
period. The trend in the Ggb intervals is illustrated in Figure 21. Average intervals for the first 
three birth year groups are based on small numbers of animals and are the lowest which might 
bias downward the overall average interval (Table 2). Except for the Gss intervals computed 
from the ACTIVE bull population, there was a slight increase in the generation interval 
estimates of sons by birth year groups. The average generation intervals from all data (Gss=8.6 
and Ggb=12.5 in the AI bull population) were lower than those reported by Rapitta et al. (1988) 
and Van Tassel and Van Vleck (1991). Rapitta et al. (1988) reported an improvement from 11.4 
to 9.4 in Gss intervals during the time period of their study. While Van Tassel and Van Vleck 
found an average of 10.2 years in the 1960's, but a greater value (II yrs) in the early 1970's for 
the same path of selection (Gss). The trend of the Ggb intervals was increasing with the sons' 
years of birth (Figure 16). This means that large proportions of old sires were used to breed bull 
dams and that the rate at which proven bulls are contributing to genetic progress from this path 
is less than it ought to be. Ggb intervals, however, were much larger than Gss intervals in the 
three bull populations. The average interval for Ggb was around 12.5 years for the Al, 
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Figure 20. Generation intervals of the sire of bulls path (Gss) for the live 
AI (AI), progenies of sires with 20 sons or more (ELITE), and 
progeny tested and/or active AI (ACTIVE) bull populations. 
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Figure 21. Generation intervals of the maternal grandsires of bulls path 
(Ggb) for the AI (AI), progenies of sires with 20 sons or 
more (ELITE), and progeny tested and/or active AI (ACTIVE) 
bull populations. 
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ACTIVE, and ELITE bull populations. It's clear that both the Gss and Ggb intervals from the 
ELITE bull populations are at least as large as those from the AI and ACTIVE bull population 
(Figure 15 and Figure 16) because of the repeated use of better sires over time. 
Selection intensities and gene flow 
Selection intensities Selection differentials (parents' genetic superiority) in the overall 
mean for each breeding period were between one and two Oa for the yield traits. Those of the 
components were much lower and barely reached .3 Oa. The yield trait selection differentials 
corresponded to 1.1 to 2.2 selection intensities at a .9 reliability for both sires and maternal 
grandsires which is equivalent to 35% to 3.5% proportions selected. Though the SI pattern was 
in accordance with selection practices, e.g., highest selection intensities for fat have reached a 
peak in the second breeding period (BP2) and that for protein in the third breeding period 
(BP3). These SI were, however, lower than the AI potential intensities (Table 7). Bulls are 
selected based on an index, e.g., the PTA dollar index (PTA$), or the total performance index 
(TPI). A selection index is an aggregate function that includes various traits such as yields, type, 
and percentages with appropriate relative weights. The top 1% for example based on such an 
index does not necessarily correspond to the top 1% in any single yield trait. Table 18 gives 
detailed information on the proportions of sons produced by sires and maternal grandsires with 
genetic superiority pertaining to three SI categories: 1) within two and three cfa, 2) within one 
and two Oa, and 3) less than one a^. The latter (1,2, and 3) selection differentials and for a .9 
reliability correspond to 3.5 to .15%, 30 to 3.5%, and more than 30% proportions selected from 
normal distributions, respectively. Sons' frequencies as progenies of the three groups of sire 
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Table 18. Proportions of sons in the AI, ELITE, and ACTIVE bull populations 
with selection intensities (SI) of sires (s) and maternal grandsires (g) by 
breeding period for the yield traits". 
s g 
N*' Milk Fat Protein Milk Fat Protein 
— l i  ^  a  
AI 1082 19.2" 0.0 0.0 3.5" 2.0 0.0 
BPl' ELITE 917 23.0 0.0 0.0 4.0 2.1 0.0 
ACTIVE 17 0.0 0.0 0.0 0.0 11.8 0.0 
AI 3115 3.3 34.0 0.1 4.2 3.5 0.0 
BP2 ELITE 2836 3.1 37.3 0.0 4.6 3.6 0.1 
ACTIVE 391 0.0 34.8 0.0 0.0 5.4 0.2 
AI 2727 1.3 14.7 15.7 4.8 13.0 0.1 
BP3 ELITE 2363 1.2 16.0 17.0 5.2 12.0 0.1 
ACTIVE 937 1.2 19.7 20.3 0.0 9.2 0.4 
10a<=SI<20a 
AI 1082 17.1'* 17.7 67.2 16.2" 12.2 42.3 
BPl ELITE 917 20.1 20.1 76.7 18.1 14.0 47.4 
ACTIVE 17 0.0 0.0 88.2 23.5 05.9 35.3 
AI 3115 73.7 38.6 82.5 30.6 23.9 61.6 
BP2 ELITE 2836 72.1 39.8 88.3 32.1 25.5 64.1 
ACTIVE 391 83.6 52.2 90.5 21.7 14.1 93.6 
AI 2727 78.1 70.4 78.9 5.0 34.9 79.4 
BP3 ELITE 2363 82.6 73.0 82.0 49.4 35.2 80.1 
ACTIVE 937 84.8 74.3 76.4 40.4 29.0 94.9 
SklOa 
AI 1082 63.7'* 82.3 32.8 80.3" 86.0 57.7 
BPl ELITE 917 57.3 79.9 23.3 77.9 83.9 52.6 
ACTIVE 17 100 100 11.8 76.5 82.4 64.7 
AI 3115 22.9 27.5 17.4 65.1 72.6 38.4 
BP2 ELITE 2836 17.8 22.9 11.7 63.3 70.9 35.9 
ACTIVE 391 16.4 13.0 9.5 78.3 80.6 6.1 
AI 2727 20.6 14.9 5.4 47.7 52.1 20.5 
BP3 ELITE 2363 16.2 11.0 1.0 45.3 52.8 19.8 
ACTIVE 937 13.9 6.0 3.3 59.6 61.8 4.8 
''aI ; AI sires born in or after 1970; ELITE: paternal half sib bull groups, progenies of sires with 20 sons 
or more; and ACTIVE: progeny tested and/or active bulls. 
Total number of sons per period of breeding. 
"^BPl: Breeding period 1: 1970 to 1974; BP2: Breeding period 2: 1974 to 1979; And BP3: Breeding 
period 3:1979 to 1982. 
Proportions of sons (grandsons) in each selection intensity class for trait defining column in breeding 
period 1. 
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from Table 18 confirm that SI were associated with the breeding objectives. Selection pressure 
has changed from solely on milk yield in the BPl, to mainly on fat yield in the BP2, and to a 
shift toward protein yield in the BPS. Regardless of the BP, the vast majority of sons had their 
sires selected among the top 30 to 3.5% of the Holstein male population with respect to protein 
yield . More sons were sired by low (SI < one Oa) merit sires in the AI and ACTIVE bull 
populations with respect to both milk and fat yields in the BPl. But in both BP2 and BPS, most 
sires of sons were among the top SO to 3.5% for these two yield traits in the AI population. In 
the ELITE bull population, less sires of sons with milk and fat merit below one cs^ were utilized 
compared to the AI bull population, indicating that these sires were not extensively used due to 
unsatisfactory milk and fat potential. Nevertheless, even in the ELITE bull population, most of 
the sires of sons were from the top SO to 3.5% male population when ranked on milk or fat 
yields' PTAs. 
The maternal grandsires were less extensively selected. Indeed, large proportions of 
sons had grandparents below one Oa category for all the yield traits, mainly in the BPl. Those 
proportions gradually decreased from BPl to BPS, i.e., better sires were used to breed the bull 
dams in recent years. 
Parents from the less than one Oa category are the fraction of the population where much 
of the culling occurs. The within one and two Oa category constitutes a large array of potential 
for production and is probably where most of the producers purchase the semen that meets their 
needs. Hence, this fraction of the population would affect genetic trends the most in the general 
population. Finally, the top S.5 to .15% category are used by bull studs and producers who can 
afford the semen cost. Sires in the top category (3.5% to .15%) sire indicate how intensive 
selection can be and also perfectly illustrates changes in the breeding objectives during the last 
three decades in the industry. Furthermore, these sires has the most influence in making genetic 
progress in the AI population. 
Gene flow The passage of genes from parents to their offspring was based on the 
proportions of animals used as breeders by year of birth (Table 6). The gene flow model 
estimated from the AI bull population is given in Table 19a. The optimal gene flow model is 
given in Table 19b. The contribution of sires and dams to the new bom genetic make up seemed 
to be spread over a relatively long period of time (Table 19a vs Table 19b) because of the 
prolonged use of superior animals. Parents contributed tiny fractions of their genes at early ages 
(Table 19a). Their contributions reached a peak in the middle of their productive life and then 
decreased with time. 
In the SS selection path, .07% of the maximum possible genes were transmitted to 
young bulls before the age of six, over 60% at six to eight years of age, and the rest of the genes 
were almost equally transmitted in the remaining period of time up to 12 years of age. Sires 
were used over a much longer period of time in the SC selection path than as SS. Even though 
sires began producing dams at three years of age, the substantial contribution (55%) of sires' 
genes to dams' gene pool occurred at ages of 10 to 12 years. On the other hand, dams began to 
contribute their genes one year later than sires. 
In the DS selection path, dams contributed genes to young bulls over 13 years starting at 
three years of age. The major contribution occurred late in the dam's productive life at the 10 to 
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Table 19a. Gene flow in the four selection pathways: Sire of bull (SS), sire of 
dam (SC), dam of sire (DS), and dam of cow (DC) for all bull populations. 
Selection path 
Year SS SC DS DC" 
1 .(XKX) .0000 .0000 .0000 
2 .0000 .0000 .0000 .0000 
3 .0005 .0039 .0000 .0000 
4 .0013 .0013 .0039 .1500 
5 .0007 .0027 .0013 .1250 
6 .0327 .0064 .0027 .1000 
7 .1569 .0077 .0064 .0750 
8 .0995 .0181 .0077 .0125 
9 .0404 .0372 .0181 .0125 
10 .0386 .0649 .0372 .0125 
11 .0788 .0906 .0649 .0125 
12 .0494 .1043 .0906 .0000 
13 .0000 .0829 .1043 .0000 
14 .0000 .0569 .0829 .0000 
15 .0000 .0229 .0789 .0000 
''Based on Harris and Freeman (1991) 
Table 19b. Optimal gene flow in the four selection pathways: Sire of bull (SS), sire 
of dam (SC), dam of sire (DS), and dam of cow (DC) for all bull populations. 
Selection path 
Year SS SC DS DC 
1 .0000 .0000 .0000 .0000 
2 .0000 .0000 .0000 .0000 
3 .0000 .0030 .0500 .0000 
4 .0000 .0000 .0500 .1500 
5 .0750 .0000 .2000 .1250 
6 .1500 .1000 .1000 .1000 
7 .1500 .1500 .1000 .0750 
8 .1250 .1500 .0000 .0250 
9 .0000 .0500 .0000 .0250 
10 .0000 .0200 .0000 .0000 
''Based on Harris and freeman (1991). 
13 years of age period. Finally, the passage of genes in the DC selection path was approximated 
from the literature (Harris and Freeman, 1991) and the industry. It suggests that dams began 
contributing genes to cows at the age of four years. Such a contribution reaches a peak at the 
four to six year age period and is then spread equally over the remaining productive life span up 
to 10 years of age. 
The early use of sires and dams, probably due to the introduction of MOET in some 
studs, explains some of the improvement in the average generation intervals observed from this 
data. However, genes contributed at early ages were just a tiny fraction of the maximum 
possible and MOET schemes are still limited in use. Although the generation intervals were 
lower than those previously reported (Rapitta et al., 1988; Van Tassel and Van Vleck, 1991), 
they are still larger than the optimal possible even from the conventional progeny testing 
schemes (Van Vleck, 1987). The unnecessarily long generation intervals, i.e., less than 
optimum turnover rates of better genes, result from: 
1) A prolonged use of selected sires and dams until very old ages (Table 19a) might 
limit the introduction of younger but potentially superior breeding animals mainly in the SC and 
DS selection paths. 
2) Maximum use of superior parents beyond the age of maturity. That is, delay their 
contribution to greater genetic gains. 
3) Sires with greater PTAs are used and they could be older and better than young bulls. 
Greater genetic improvement rates are achievable by enhancing early selection mainly 
in the SC, DS, and DC paths. Furthermore, more intensive use of outstanding animals but over 
shorter periods of time will shorten generation intervals. It will also result in greater chances for 
selecting more superior younger animals. 
Estimated selection responses 
Estimates of the genetic trends in the Holstein population showed little progress over 
long periods of time (Lee et al., 1985; Powell et al. 1985; Van Vleck et al., 1986; Westell et al., 
1987). Realized rates of genetic improvement were less than the theoretical rates (Van Vleck, 
1987). Greater genetic rates are expected if generation intervals are shortened, genetic 
evaluations are more accurate, and mainly because of greater genetic diversity in the population. 
Besides, the Holstein population has not yet reached equilibrium where genetic gains are 
maximum (Van Vleck, 1986). Estimates from recent years showed increased genetic rates 
measured on the bulls and on the dams as well (Cassell et al., 1992; Meinert et al., 1992; 
Bumside et al., 1992). 
Results from this study cover proportions of the Al male Holstein population. Genetic 
rate estimates involved most of the production traits, the yields of milk, fat, and protein, and the 
percentages of fat and protein. Estimates of the genetic gain with respect to each production 
trait are discussed in relation to the breeding objectives. Genetic gains (AG) in kg per year 
(kg/yr) for the yields of milk, fat, and protein and in % per year (%/yr) for the fat and protein 
percentages from the Al and ELITE bull populations are in Table 20. Those from the ACTIVE 
bull population are in Table 21. There were three evident response periods. 
Response period I (1977 to J982) Genetic gain estimates from RPl are measured on 
bulls whose sires and maternal grandsires were selected mainly for milk yield. RPl is a 
continuation of a much longer time span where milk yield with type were the selection 
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Table 20. Actual genetic response'' (AG) per year in the traits milk, fat, and protein yields (kg), 
fat and protein percentages (%) by response period for the AI and ELITE bull 
populations''. 
1977-1982 1982-1986 1986-1990 
AI 
ELITE 
Jiail Ml AG SE SE ^ 
Milk kg 87.8 12.7 63.7 2.5 73.6 3.6 .85 
Fat kg 1.70 .45 2.91 .09 3.58 .13 .87 
Protein kg 1.97 .36 1.64 .07 2.55 .11 .87 
Fat% -.016 .005 .007 .001 .010 .001 .05 
Protein % -.011 .003 .001 .0004 .004 .001 .08 
Milk kg 95.4 20.4 56.2 2.7 72.6 3.7 .87 
Fat kg 1.29 .73 2.79 .09 3.60 .13 .88 
Protein kg 1.80 .58 1.53 .074 2.51 .60 .88 
Fat% -.023 .008 .008 .001 .011 .001 .05 
Protein % -.016 .004 .002 .001 .003 .003 .09 
^Estimates are from model (Illb). 
""Al: AI sires born in or after 1970; ELITE: paternal half sib bull groups, progenies of sires with 
20 sons or more. 
'Standard error of estimates. 
""Coefficient of determination. 
criteria. RPl overlaps with the last segment of time in Lee et al. (1985). In the AI bull 
population, AG of 87.8 kg, 1.7 kg, and -.016% for milk yield, fat yield, and the percentage fat, 
respectively, are smaller than those reported by Lee et al. (1985) from the registered cow 
population. They reported 100.4 kg, 2.99 kg, and -.0096% for the same traits by using the 
regression of parents PTAs on bull's birth years. The gain in the protein yield (1.97 kg) was 
slightly larger than that in the fat yield. Responses in fat yield and protein yield are 
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Table 21. Actual genetic response" (AG) per year in milk, fat, and protein yields 
(kg), fat and protein percentages (%) by time period for the progeny tested 
and/or active AI bull population. 
1982-1986 1986-1990 
Trait AG SE" AG SE 
Milk kg 8.9 13 98.0 6.9 .90 
Fat kg 111 .47 3.18 .24 .92 
Protein kg 1.35 .37 2.51 .15 .91 
Fat% .021 .005 -.004 .002 .11 
Protein % .015 .003 -.005 .001 .04 
"Estimates are from model (IIIc). 
•"Standard error of estimates. 
•^Coefficient of determination. 
consequences of selection for milk yield. That is, greater gains in protein yield are explained by 
large genetic correlation between milk yield and protein yield. Trends in the fat and protein 
percentages perfectly support the trends in yields. The trends in percentages are negative and 
that of protein percentage is lower in absolute value than the trend in fat percentage confirming 
greater correlated responses in protein yield from selection on milk yield. 
Estimates of the trends from the ELITE bull population showed similar results and 
better illustrated differences in responses for the respective traits. In the ELITE bull population, 
the genetic response was greater for milk yield (95.4 kg) than that observed in the AI bull 
population. Smaller but more distinct rates were observed for fat yield and protein yield in the 
ELITE bull population than those from the AI bull population. Fat yield and protein yield rates 
of response were 1.29 kg and 1.8 kg, respectively. Consequently, smaller and more distinct rates 
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for the fat and protein percentages were found in the ELITE bull population compared to those 
estimated from the AI bull population, they were -.023% and -.016%, respectively. 
Differences between AG estimates from the ELITE bull population and those from the 
AI bull population indicate that sires and maternal grandsires who better fitted the breeding 
objective were returned to service more often to breed future generations, i.e., sires and 
maternal grandsires who were outstanding in milk yield had more than twenty sons. That is, 
they affected the genetic trends in accordance with the breeding objective. 
Response period 2 (1982 to 1986) Genetic gains were 2.91 kg and 2.79 kg for fat 
yield, and .007% and .008% for fat percentage in the AI and ELITE bull populations, 
respectively. These are direct responses to selection on fat yield and fat percentage. RP2 trends 
were 1.2 kg in fat yield £ind .023% in fat percentage greater than their respective trends from 
RPI in the AI bull population (see Table 20). The correlated responses in milk yield and protein 
yield from selection on fat traits were 63.7 kg and 1.64 kg, respectively, in the same bull 
population. The annual increase in the protein percentage was .001%. 
The decline in milk yield trend (24.1 kg) from RPl to RP2 was much larger than the 
corresponding decline in protein yield (.33 kg) (see Table 20). This is expected becau.se of the 
large difference in the genetic variability of the two traits. Consequently, the trend of protein 
percentage was positive and greater than that observed in RPl. 
Similar to RPl, the effects of selection in RP2 were more marked in the ELITE bull 
population. The change from selection on predominantly milk yield to selection on fat yield and 
fat percentage was more evident in the ELITE bull population in this second response period. 
Correlated gains in milk yield and protein yield estimated from the ELITE bull population were 
7.5 kg and .11 kg, respectively, less than those estimated from the AI bull population. As a 
result of the relatively large decrease in milk yield , the improvement rate of protein percentage 
in the ELITE bull population was slightly greater than that observed in the AI bull population. 
Genetic response of fat percentage was greater in the ELITE bull population than in the AI bull 
population as well. However, the increase in the trend of fat percentage was mainly caused by a 
corresponding decline in the trend of milk yield rather than by a substantial improvement in fat 
yield gains each year. In fact, the genetic trend of fat yield was unexpectedly .12 kg less in the 
ELITE bull population than the corresponding trend in the AI bull population. On the other 
hand, the trend in fat yield (2.79 kg) from the ELITE bull population during RP2 was 1.5 kg 
greater than the response in RPl (1.29 kg) for the same population (see Table 20). While the fat 
yield trend in RP2 from the AI bull population (2.91 kg) was only 1.21 kg superior to the same 
trend in RPl. The comparative increases in trends in the AI and ELITE bull populations show 
that changes in the selection criteria were better reflected in the ELITE bull population. Greater 
AG in fat yield in RP2 from the AI bull population suggests that even though some sires and 
maternal grandsires were outstanding for fat yield, they were culled for other reasons. Thus, 
they were not used to sire large numbers of sons. 
Less than a third of the currently active AI bull population (ACTIVE) are descendants 
from parents selected in BPl and BP2 (see Table 19). Genetic performances of this portion of 
the ACTIVE bull population were all considered from RP2. The genetic trends for the 
production traits measured on this bull population are given in Table 21. Rates of genetic 
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responses from the ACTIVE bull population in RP2 were the lowest among all bull populations 
with respect to all yield traits. In fact, AG for milk yield was just 8.9 kg but that of fat yield and 
protein yield were 2.27 kg and 1.35 kg, respectively. However, great trends of .021% for the fat 
percentage and mainly .015% for the protein percentage might be one of the reasons for keeping 
these bulls in the active AI list. 
Response period 3 (1986 to 1990) This period, RP3, included performance of sons 
from sires and maternal grandsires selected for the current pricing scheme in the United States, 
i.e., selection for the pounds of protein component. Indeed, AG of protein yield, and for all bull 
populations, was the greatest in RP3. They were 2.55 kg, 2.51 kg, and 2.51 kg from the AI, 
ELITE, and ACTIVE bull populations, respectively. Compared to the gains of protein yield in 
RP2, genetic improvement rates averaged around 1 kg greater in RP3. 
Greater trends in protein yield were accompanied with simultaneous increases in both 
milk yield and fat yield trends. The increases in genetic rates from RP2 to RP3 were .91 kg, .67 
kg, and 9.9 kg in protein yield , fat yield , and milk yield , respectively, in the AI bull 
population. They were .98 kg, .81 kg, and 16.4 kg for the same traits in the ELITE bull 
population, and finally, 1.16 kg, .91 kg, and 89.1 kg in the ACTIVE bull population. The 
increases in the genetic gain rates in protein yield and in fat yield resulted in incremental 
improvement in protein percentage and fat percentage in both the AI and ELITE bull 
populations. That is, the response rate of fat percentage was around one tenth of a percent while 
that of protein percentage was less and barely reached a half tenth of a percent. In the ACTIVE 
bull population and because of great genetic change in milk yield (98 kg), both fat percentage 
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and protein percentage were decreasing at similar rates of -.005 (Table 21). Rates of genetic 
changes with respect to all production traits in RP3 show that: 
1. The change in the selection pressure from fat yield and fat percentage to protein yield 
was evident but was not at full potential. 
2. Selection for protein yield was better reflected in the ACTIVE bull population where 
the rate of changes in protein yield and in milk yield were the greatest and that of fat yield was 
the lowest across the three bull populations (Tables 20 and 21). 
3. Selection for protein yield resulted in substantial gains in milk yield and considerable 
but smaller gains in fat yield. 
Greater rates of genetic change resulted from direct selection. As a result of high genetic 
correlations among the yield traits and mainly between milk yield and protein yield (Table 1), 
correlated responses were substantial. Larger correlated responses in protein yield were 
obtained from selection on milk yield (RPl) and vice versa (RP3). Selection for milk yield or 
protein yield resulted in considerable genetic gains in fat yield. Likewise, selection for fat yield 
resulted in considerable gains in both milk and protein yields. Improvement in fat percentage 
and protein percentage were very much a reflection of the improvement in yields, i.e., low milk 
yield gains and great gains in fat yield and/or protein yield were accompanied by positive gains 
in either or both of the percentage traits. 
Changes in genetic improvement rates from one response period to another reflected the 
selection pressure. These changes were small in the AI bull population but more discernible in 
the ELITE bull population. The effect of selection was much more remarkable in the ACTIVE 
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bull population, the currently active AI bulls (RP3). Although the various bull studs niight have 
adopted similar breeding objectives at different times and that the change in selection criteria 
was gradual, AG in the three response periods showed that the population responded to 
selection. We need to mention, however, that selection was not strictly operating on a single 
trait basis in any of the three breeding periods. Rather, it was based on an aggregate merit 
function that in addition to type may have included one or two production traits. The selection 
weight on type was fairly steady over all breeding periods while larger weights were attributed 
to desirable production traits in each breeding period (Table 3). 
Expected genetic responses 
Expected genetic rates per year are given in Table 22. Expected genetic responses are 
presented for single and multiple trait selection by breeding period. Predicted responses were in 
general greater than estimated responses (Table 22 vs Tables 20 and 21). Such a pattern was 
consistent for both direct and correlated responses regardless of the bull population. 
Furthermore, greatest genetic gains in the selection trait were obtained from single trait 
selection. 
Single trait selection Sire selection in the industry during the period of this study was 
not strictly single trait selection. On the other hand, 15 to 30% of bulls were sons of sires that 
averaged two to three Oa above the population mean in milk yield in BPl, fat yield in BP2, and 
in protein yield in BP3 (Table 17). Meanwhile, there were practically none to few sires used 
above two aa in fat yield and protein yield in BPl, milk yield and protein yield in BP2, and milk 
yield and fat yield in BP3. It is thus informative to compare in retrospect realized selection 
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Table 22. Optimal genetic responses per year in the traits milk (M), fat (F), and protein (P) 
yields, and fat percentage (%F) and protein percentage (%P), and final score (FS) 
by time period for single and multiple trait selection". 
Expected response 
Selection trait M" F P %F %P FS 
KG % unit 
BPl 
IBP1:I M 110.3 2.0 2.5 -.018 -.012 .028 
IBP1:2 : .0755M+5.69FS 108.2 2.1 2.6 -.018 -.011 .057 
IBP1:3 : .0755M-I-F+5.69FS 102.3 2.9 2.6 -.007 -.010 .072 
BP2 
IBP2:1 : F 56.4 3.9 1.9 .020 -.001 .078 
IBP2;2 : 1.704F+7.2FS 53.9 3.8 1.8 .017 -.003 .116 
IBP2:3 : 1.704F+1.24P-t-7.2FS 72.1 3.7 2.4 .009 1 o
 
o
 
.112 
IBP2;4 : .025M-fl.704F+1.24P-t-7.2FS 85.4 3.5 2.6 .004 -.005 .098 
BPS 
IBP3:1 : P 91.8 2.5 2.9 -.008 o
 
o
 
.073 
IBP3:2 : 1.35P-f4.218FS 86.6 2.6 2.8 -.007 -.002 .113 
IBP3;3 : .0417M4-.98F-fl.35P44.218FS 97.2 3.1 2.8 -.004 -.007 .080 
"BPl; Breeding period 1 (1970-1974); BP2: Breeding period 2 (1974-1979); BP3: Breeding period 3 
(1979-1982). 
''M: Milk; F: Fat; P: Protein; %F: Fat percentage; %P: Protein percentage: FS: Final score. 
responses to prediction from single trait selection. Realized direct responses evaluated from the 
AI bull population were 79% for milk yield, 70% for fat yield, and 75% for protein yield of 
their expected responses from single trait selection in BPl, BP2, and BPS, respectively. 
Realized direct responses by the ELITE bull population were percentagewise similar to those 
estimated from the AI bull population except for milk yield and fat yield from BP2. In the 
ELITE bull population, the realized response in milk yield was up to 86% of its expectation 
while the response in fat yield was as low as 66% of its expected response. This is meaningful 
because 3.1% of the bulls were sons of sires that were as superior as at least two Oa in milk 
yield while 72.1% of the sons were from sires with genetic merits between one and two Oa in 
BP2 and for the same trait. 
Selection of the maternal grandsires of sons was less restrictive than that of sires with 
regard to selection only for milk yield in BPl, fat yield in BP2, and protein yield in BP3 which 
adds to the departure of realized gains from their predictions if selection were operating on a 
single trait basis. 
Realized correlated responses compared to predictions from single trait selection were 
consistent with direct responses in magnitude, i.e., when expressed as a percentage of their 
expected responses, and in pattern, e.g., correlated responses in protein yield were greater than 
those in fat yield from selection on milk yield. Correlated annual genetic gains as a fraction of 
their predictions were 81% for fat yield and 79% for protein yield in BPl, 102% for milk yield 
and 78% for protein yield in BP2, and finally 70% for milk yield and 123% for fat yield in BP3. 
The consistency of realized direct and indirect genetic responses in pattern and in quantity 
suggests that conventional selection operated as expected. However, realized responses were in 
general around 20% lower than their expectations. This can only be explained by greater SI 
used in the prediction of the responses. On the other hand, great indirect responses in milk yield 
in BP2 (102% of the predicted response) and in fat yield in BP3 (123% of the predicted 
response) were realized because sires were also selected for milk and fat yield in the respective 
breeding periods, BP2 and BPS (see Table 17). 
Realized genetic responses in fat percentage and in protein percentage were comparable 
to their predicted responses only in BPl. Realized positive genetic trends in the fat percentage 
and protein percentage in BP2 and BP3 were caused by lower genetic change in milk yield. This 
might be explained by the fact that traits (e.g., FS) other than the yields have been weighted 
heavier than anticipated in the selection criteria. That is, the lowest genetic gain in FS units was 
predicted from selection on only milk yield (Table 22). Moreover, the addition of FS to either 
fat yield or protein yield in the breeding objective function resulted in the lowest genetic gain in 
milk yield (Table 22). 
Multiple trait selection Proportions of sons as a function of their parents' genetic 
merits (Table 17), the evolution of selection practices in the industry (Table 3), and USDA 
prices (VanRaden, 1995; Personal communication) were used to derive a comprehensive 
breeding objective function for each breeding period (Table 22). The selection traits, IBPI ?, 
IBP2:4, and IBP3:3, or breeding objective functions from Table 22 were found most likely to 
describe selection in the industiy for the three breeding periods. They were used to predict 
responses from multiple trait selection. 
Realized selection responses from multiple trait selection were around 80 to 90% (Table 
20 and Table 21 vs Table 22) of the expected responses for the trait with the highest weight in 
the breeding objective, e.g., milk yield in IBPI:3, fat yield in IBP2:4, and protein yield in IBP3:3 
However, greater responses were predicted for the traits with small weights in the breeding 
objective than the responses for the primary trait in the breeding objective, such as fat yield in 
BP 1, protein yield in BP2, and milk yield in BPS, from both the AI and ELITE bull populations. 
The breeding objective function defined for BPS (Ibp3:3) reasonably predicted the genetic 
response from the active bull population with respect to all production traits. Realized responses 
by the active bulls were 88%, 86%, 78%, 100%, and 72% of their expectations in milk yield, fat 
yield, protein yield, fat percentage, and protein percentage, respectively. The latter trends 
showed that gains in protein yield were less than anticipated in this study. Realized trends by 
the active bull population confer that the weight given to protein yield in BPS is larger than the 
real emphasis placed on protein yield, at least during the time of this study. 
The comparison of realized trends to those predicted from either single or multiple trait 
selection revealed that: 
1. Maximum genetic gains are expected from single trait selection (Table 22). 
2. SI used to predict the responses are probably larger than the industry SI. 
3. The consistency in the realized patterns of the trend with their predicted trends from 
all bull populations indicates that selection operates as expected even when intensive. 
4. The interrelationships between the genetic traits and their parameters used in this 
study are good estimates of the true population parameters. 
5. The current genetic gains in PTAs from the active male population are around 98 kg, 
S.2 kg, 2.5 kg, -.004%, and -.005% for milk yield, fat yield, protein yield, fat percentage, and 
protein percentage, respectively. 
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6. Greater genetic gains are attainable by increasing the selection intensities and better 
management of bull dams' pedigree selection (Ggb intervals were long). 
7. The emphasis placed on traits other than yields, e.g., FS, is larger than inferred by the 
weights associated with FS in this study. 
Progenies' distributions by response period 
Pattern of use of service sires by production level Superior parents selected for a 
particular trait or combination of traits will transmit some of that superiority to their progenies. 
From the regression analysis, it was shown that a young son's genetic merit was predictable 
from his sire and matemal grandsire merits nearly as expected with sufficient numbers of 
daughters. Moreover, the investigation of the realized genetic progress revealed that, aside from 
lower SI than thought of by the industry, the improvement rates achieved from male selection 
were comparable to the predicted rates. It thus remains to identify the sons' average superiority 
by response period and eventually asses how such a superiority is distributed. 
The proportions of sons by production potential, i.e., genetic superiority of sires and 
matemal grandsires, were discussed in the genetic trends section. In this section, sons' PTAs 
and their distributions are discussed in relation to parents' merits when first introduced as 
breeders and also in regard to how many sons or bull dams a sire produced, that is, the 
frequency of use of each parental category. The overall sires and maternal grandsires' mean 
PTAs in all the yield traits from each breeding period, BPl, BP2, and BP3 are given in Table 23 
and Table 24. Table 23 gives the mean PTAs of sires and matemal grandsires weighted by the 
appropriate REL and also by the frequency of use of each parental category. The mean PTAs 
given in Table 24 were weighted only by the corresponding REL. The unweighted mean PTAs 
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Table 23. Mean PTAs and standard deviation (SD) of sires (s) and maternal grandsires (g) 
of bulls, weighted by their frequency of use for milk, fat, and protein by 
breeding period for the AI and the ELITE bull populations. 
Bull population'' 
AI ELITE 
Breeding period'' Trait (kg) S G S G 
BPl 
Milk 437.5 (326)' 
Fat 12.5 (8) 
Protein 13.4 (7) 
295.4 (278) 
8.7 (9) 
10.3 (8) 
502.1 (282) 
14.4 (6) 
15.1 (5) 
329.9 (265) 
9.8 (9) 
11.3 (7) 
BP2 
Milk 616.0(253) 
Fat 24.0 (12) 
Protein 17.8 (7) 
407.2 (267) 
12.6 (10) 
13.9 (7) 
647.6 (217) 
25.4 (11) 
18.8 (6) 
423.9 (257) 
13.1 (9) 
14.4 (7) 
BP3 
Milk 565.4(165) 
Fat 23.9 (7) 
Protein 20.9 (5) 
517.7 (255) 
18.2 (10) 
17.0 (7) 
581.8(146) 
23.9 (7) 
21.7 (4) 
519.9 (251) 
18.1 (10) 
17.1 (6) 
"AI: AI sires born in or after 1970; ELITE; paternal half sib bull groups, progenies of sires with 
20 sons or more. 
""BPl ;Breeding period 1 (1970-1974); BP2: Breeding period 2 (1974-1979); BP3: Breeding period 3 
(1979-1982). 
'SD are in parenthesis. 
were an estimate of the average genetic value of sires available for breeding. The weighted 
mean PTAs measured the average of service sires and represented "a typical sire used to 
produce bulls or cows" (Van Tassel and Van Vleck, 1991). Contrasted to the unweighted mean 
PTAs, the weighted mean PTAs were greater for all yield traits. This means better sires were 
heavily used. The largest differences occurred during BP2 for both the AI and ELITE bull 
populations and for both sire categories (sires of sons and maternal grandsires of sons). During 
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Table 24. Mean PTAs and standard deviation (SD) of sires (s) and maternal grandsires (g) 
weighted by REL only for milk, fat, and protein by breeding period for the AI and 
the ELITE bull populations'*. 
Bull population'' 
AI ELITE 
Trait (kg) 
s g s 2 
N Mean N Mean N Mean N Mean 
Milk 84.6(303)' 134.0(334) 379.6(322) 143.0(346) 
BPl Fat 61 2.3 (10) 156 2.9 (11) 7 12.1 (7) 88 2.6 (11) 
Protein 3.5 (9) 4.6 (9) 12.3 (6) 4.3 (9) 
Milk 265.2(349) 39.7(328) 455.8(290) 150.3(329) 
BP2 Fat 101 9.4 (12) 86 2.3 (12) 23 16.1 (12) 101 5.4 (11) 
Protein 7.4 (9) 2.9 (10) 12.5 (8) 5.9 (9) 
Milk 465.7(243) 351.1(300) 570.1(178) 378.6(266) 
BP3 Fat 125 17.7 (9) 48 11.8 (11) 26 23.8 (8) 42 13.5 (10) 
Protein 15.4 (7) 10.7 (8) 19.8 (5) 11.8 (7) 
"BPI :Breeding period I (1970-1974); BP2; Breeding period 2 (1974-1979); BPS; Breeding period 3 
(1979-1982). 
''AI: AI sires born in or after 1970; ELITE; paternal half sib bull groups, progenies of sires with 
20 sons or more. 
'SD are in parenthesis. 
BP2, the weighted mean PTAs of sires were around 200 kg, 9.3 kg, and 12.5 kg in milk yield, 
fat yield, and protein yield, respectively, in the ELITE bull population. These differences were 
more noticeable in the case of the AI bull population than in the ELITE bull population. They 
were 351 kg, 15 kg, and 12 kg for the milk yield, fat yield, and protein yield, respectively. 
Differences between weighted and unweighted mean PTAs for matemal grandsires were much 
larger than those observed for sires for all yield traits. On the other hand, the lowest differences 
between weighted and unweighted mean PTAs were observed in BPS for ail the yield traits 
regardless of the bull population. 
The breeding periods, BPl, BP2, and BPS were comparable in time. However, the 
number of sires of sons first used as breeders slowly increased from BPl to BPS (Table 24). 
Conversely, the number of maternal grandsires of sons decreased with the breeding period at a 
rate greater than that observed for sires. Combined with the differences observed between 
weighted and unweighted mean PTAs, the number of selected sires and maternal grandsires 
each breeding period indicate that during BPl breeders were selected from a wide range of 
genetic merits. In fact, for example in the ELITE bull population S92 out of 917 sons (4S%) 
were produced by sires (two out of seven) with PTAs above 700 kg in milk yield while the rest 
were sons of sires with milk yield merits between - 46 and 350 kg. Breeders selected during 
BP2 featured few outstanding sires and maternal grandsires that were heavily used, and the rest 
were just better than the Holstein population average (the base 1990). The percentage of sons 
produced by sires with at least 700 kg in milk yield PTA exceeded 60% during BP2 in the 
ELITE bull population. Finally, because of the availability of large numbers of superior 
breeders after years of selection, the two sire categories used to produce bulls and cows were all 
with comparable high genetic merits in BPS, i.e., large mean PTAs with low SD (Table 23). 
Indeed, only 32% of the sons were descendant from sires (eight out of 26) with more than 670 
kg milk yield PTAs during BP3 while the rest of the sons were produced by sires with PTAs 
ranging from 230 to 660 kg in milk yield in the ELITE bull population. The number of maternal 
grandsires first introduced as breeders (Table 24) or used in each breeding period was larger 
than the number of sires. Moreover, selected maternal grandsires of sons were lower in merit 
than sires of sons in all yield traits. In each breeding period, the use of matemal grandsires was 
also more balanced than that of sires except for a few matemal grandsires who produced more 
than a hundred sons. The decrease in the number of matemal grandsires first used as breeders 
with time implies a more intensive selection of bull dams lately. However, the number of 
matemal grandsires actually used each breeding period was still large because of the overlap in 
the matemal grandsires use from one breeding period to the next breeding period. For example, 
in the ELITE bull population 42 new matemal grandsires were introduced but 114 matemal 
grandsires were actually used during BP3. This means a prolonged use of preferred sires which 
may limit the genetic progress because of slow introduction of younger superior sires (see 
Figure 21). 
The pattern of use of sires and maternal grandsires as a function of performance from 
one breeding period to another was consistent across all yield traits, i.e., few high merit sires, of 
course according to the breeding period objective, produced large number of sons while 
matemal grandsires of sons were more evenly used than sires of sons. For example in the 
ELITE bull population, one out of seven sires was around 24 kg in fat yield PTA and produced 
20% of the sons in BPl. Three sires out of 23 were more than 30 kg in fat yield PTA produced 
39% of the sons in BP2. In BP3, six sires out of 26 were more than 30 kg in fat yield PTA but 
produced only 19% of the sons. On the other hand, the same figures for fat yield did hold in the 
case of protein yield in BPl. But in BP2, four sires out of 23 were more than 20 kg in protein 
yield PTA produced 40% of the sons in the ELITE bull population. Finally, half of the sires 
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used in BP3 were more than 20 kg in protein yield and produced 79% of the sons. Sires and 
maternal grandsires' frequency of use further illustrated the changes in the breeding objectives 
by period of breeding and also gave insights on sons' genetic superiority and its distribution. 
Distribution of son by genetic merit in the yield traits 
Sons' mean PTAs for milk yield, fat yield, and protein yield Table 25 shows 
the sons' overall realized genetic superiority for milk yield, fat yield, and protein yield in each 
response period by the AI and ELITE bull populations. The amount of superiority increased 
from one response period to the next response period. The increase in the sons' yield mean 
PTAs followed the corresponding increases in the selected sires and maternal grandsires' merits 
weighted by the frequency of use (Table 23). That is, for example in the ELITE bull population 
(Table 25), the increase in the sons' milk mean PTAs from RPl to RP2 (116 kg) was similar to 
the increase from RP2 to RP3 (almost 95 kg). The increase in fat yield mean PTA from RPl to 
RP2 (6.9 kg) (Table 25) was larger than the increase from RP2 to RP3 (4.3 kg). While the 
increase in protein yield mean PTA from RP2 to RP3 (4.3 kg) was larger than that from RPl to 
RP2 (2.8 kg). 
Frequency distribution of sons by yield PTAs Scott (1992) quoted Pearson 
"Erroneous opinion that geometry is only a means of popular representation: it is a fundamental 
method of investigating and analyzing statistical material" (Page 4) and Fisher "The 
preliminary examination of most data is facilitated by the use of diagrams" (Page 4) on the 
importance of data visualization and diagrams in making inferences and interpreting results. 
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Table 25. Mean PTAs of sons for milk, fat, and protein by response period 
Response period'' 
Bull population" 
Trait AI ELITE 
Milk 365.0(239)'= 417.4(213) 
RPl Fat 11.4 (8) 12.9 (7) 
Protein 10.8 (6) 11.9 (5) 
Milk 512.9(205) 533.6(194) 
RP2 Fat 18.9 (8) 19.8 (8) 
Protein 14.2 (6) 14.7 (5) 
Milk 620.1(182) 628.2(176) 
RP3 Fat 23.6 (7) 24.1 (7) 
Protein 18.9 (5) 19.4 (5) 
"AI: AI sires born in or after 1970; ELITE: paternal iialf sib bull groups, progenies of sires with 
20 sons or more. 
"•RPI '.Response period 1 (1977-1982); RP2; Response period 2 (1982-1986); RP3; 
Response period 3 (1986-1990). 
•^SD are in parenthesis. 
The representation of the frequency of sons from the ELITE bull population by genetic merit 
(PTA) for milk yield, fat yield, and protein yield are given in Figure 22, Figure 23, and Figure 
24, respectively. The normal distribution seems to be a good approximation of the sons' 
distributions for all yield traits. One should, however, notice that the realized frequency 
distributions were not symmetric. That is, in some cases the right tail was longer than the left 
tail, e.g., milk yield in RPl. In other cases the left tail was longer than the right tail, e.g., fat 
yield in RP2. Longer or shorter tails than expected for the normal distributions are, for example, 
caused by sampling from two normal distributions with equal variances but different means 
(Tukey, 1960). A situation that is comparable to parents' selection mainly in BPl and BP2. 
During BPl and BP2 few outstanding sires, i.e., with large mean PTA yields, produced large 
number of sons while the remaining sons were produced by sires with relatively low merits, i.e., 
low mean PTAs for the yield traits. 
The comparison of the distribution of sons by the level of yield PTAs across the 
response periods illustrates the improvement in the mean PTAs from RPl to RP2 and from RP2 
to RP3 for each of the yield traits as a response to selection. The SD associated with the sons' 
mean PTAs for milk yield decreased steadily from RPI to RP3 (Table 25, Figure 22) following 
a similar decrease in the SD associated with the sires of sons and maternal grandsires of sons' 
mean PTAs (Table 23). For fat and protein yields, however, the variation in sons' yield PTAs 
(SD of fat yield PTAs = 7 kg, SD of protein yield PTAs = 5 kg) was relatively constant across 
all response periods (Table 25, Figure 22, Figure 23) in accordance with comparable variability 
observed in the fat yield PTAs and protein yield PTAs of selected parents (Table 23). 
Given the progeny PTAs are normally distributed and the mean PTAs observed in each 
RP, Figures 22 to 24 show that there were outstanding sons for each of the yield traits in each 
response period. For example, the number of sons that were better than 905 kg (one Ga) in milk 
yield PTA greatly increased from RPl to RP3 (Figure 22). Likewise, the number of sons that 
were better than 32.3 kg (one Oa) in fat yield PTA or those who were more than 25.2 kg (one Oa) 
in protein yield PTA more than doubled from RPl to RP3. The population genetic standard 
deviation (Oa) was used to classify sons because SD measures the variability of predicted PTAs. 
Therefore, SD includes the variance of the true PTAs (Oa) and the prediction error variance. 
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Besides, sons of selected sires and maternal grandsires were only a sample from the Holstein 
population. 
Intensively selected sires and maternal grandsires were shown to transmit their genetic 
superiority to their progenies. The progeny superiority was predictable (regression analysis). 
The expected and realized genetic responses in the mean were comparable (genetic responses). 
Besides, sons were normally distributed by level of production. That is, the best sons of superior 
sires were as superior as expected. In the next section, we investigate the variables or factors 
that affected the odds of a son being in the top 5% or 1% in milk yield, fat yield, or protein 
yield. 
Effects of selection on sons' distributions 
Factors affecting the odds of a top 5% or 1% rank Animals are ranked on a single 
trait basis by the genetic evaluation procedure. However, it was shown that selection during the 
time of this study operated on multiple trait basis. This implies that factors or traits other than 
the rank trait itself can directly or indirectly affect a son's rank, namely the top 5% or 1% of the 
male population. In Table 26 are summarized the traits that significantly influenced the odds of 
a son being ranked in the top 5% or 1%. The explanatory variables can be grouped into three 
categories: The son's merits on traits other than the rank trait, e.g., protein yield when the 
ranking is on milk yield, pedigree selection, i.e., the sires of sons and maternal grandsires of 
sons merits, and, finally, the selection emphasis over time (BPl, BP2, and BP3). 
Sires of sons and maternal grandsires of sons merits as well as the son's own merit were 
consistently important in explaining the son's rank on all yield traits. BPl did result in the 
fewest top 5% sons. While the odds of producing a son with 5% rank were greatly increased 
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Table 26. Variables other than the rank trait, milk yield, fat yield, or protein yield, 
that affected a son's rank in the ELITE bull population^. 
Bull rank 
Rank trait Variable*" 
Top 5% 
SE Odds ratio 
Top 1% 
b SE Odds ratio 
Milk 
Fat 
Protein 
BP3 .437 .114 1.55 - - -
Fat .033 .008 1.03 .023 .008 1.02 
Protein .422 .017 1.52 .389 .017 1.48 
Sire milk .007 .000 1.01 .006 .000 1.01 
g milk .004 .000 1.01 .003 .000 1.01 
gfat - - - .033 .009 1.03 
Sire protein -.194 .015 .82 -.139 .017 .87 
g protein -.103 .013 .90 -.116 .018 .89 
BPl -.396 .156 .67 _ _ 
BP3 .472 .115 1.60 .553 .106 1.74 
Milk .001 .000 1.00 - - -
Protein .235 .017 1.27 .261 .012 1.30 
Sire milk -.001 .000 .99 - - -
Sire fat .159 .008 1.17 .147 .008 1.16 
gfat .079 .009 1.08 .091 .009 1.10 
Sire protein -.097 .015 .91 -.124 .014 .88 
g protein -.067 .012 .94 -.087 .013 .92 
Milk .010 .000 1.01 .008 .000 1.01 
Fat .132 .010 1.14 .108 .010 1.11 
Sire milk -.005 .000 .99 -.004 .000 .99 
Sire fat -.057 .008 .94 -.055 .009 .95 
g milk -.002 .000 .99 -.001 .000 .99 
gfat -.022 .009 .98 -.029 .009 .97 
Sire protein .279 .017 1.32 .235 .017 1.27 
g protein .083 .017 1.09 .093 .018 1.10 
"BPl: Breeding period 1 (1970-1974); BP3; Breeding period 3 (1974-1979); g: Maternal grandsire; 
b:parameter estimate from model (IV); And SE: standard error of estimate. 
''All variables were significant at the 5% level. 
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during BP3 on both milk yield (55%) and fat yield (60%). The son's own protein yield, i.e., a 
one kg increase in the son's PTA for protein yield, was an important variable that affected the 
son's probability of achieving an upper 5% rank on both milk yield (the odds increased by 
almost 50%) and fat yield (the odds increased by almost 27%). However, one kg increase in the 
sire and the maternal grandsire protein yields decreased the 5% odds by 10 to 20% when the 
ranking is on milk yield and by 5 to 10% when the ranking is on fat yield. On the other hand, 
the sire milk yield, the sire fat yield, the maternal grandsire milk yield, and the maternal 
grandsire fat yield had negative effect on the odds of a son achieving the upper 5% rank on 
protein yield. Conversely, a one kg increase in the sire protein yield PTA or the maternal 
grandsire protein yield PTA resulted in larger increases in the sons odds (by almost 5% for the 
maternal grandsire protein yield and 32% for the sire protein yield) of being in the top 5% on 
protein yield than a one kg in the sire and maternal grandsire milk yield PTAs when the ranking 
was on milk yield (the odds increased by 1%) or a one kg increase in the sire and maternal 
grandsire fat yield PTAs when the ranking was on fat yield (the odds increased by 8 to 17%). 
The comparison of a son's 1% rank to his 5% rank revealed that: 
1. Parents merits for the rank trait were equally important in enhancing the odds of a 
son's 1% rank and the odds of a 5% rank. 
2. Parents merits for traits other than the rank trait decreased the odds of a son's top 5% 
rank and a top 1 % rank similarly. 
3. The protein yield effect on the son's 1% rank on milk yield and on fat yield was as 
important as the protein yield effect on the son's 5% rank (Table 26). 
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4. The odds of a top 1% rank were greater than the odds of a top 5% rank for sons 
produced from BPS, i.e., the number of sons with merits better than 2.66 Oa was greater from 
BP3 than from BP2 or BPl. 
Interpretation of the odds variation In the three way genetic correlation between milk 
yield, fat yield, and protein yield, the genetic correlation between milk yield and protein yield is 
the largest (Table 1), the second greatest correlation is between fat yield and protein yield. This 
could explain the relative importance of protein yield in affecting the 5% rank on both milk and 
fat yields and the 1% rank as well. While milk yield and fat yield were both as important in 
improving a son's chances in making the 5% or 1% top lists on protein yield. 
Greater proportions of sons from BPS made the top 5% and the top 1% lists on both 
milk yield and fat yield because of years of selection for these two traits. Selection for protein 
yield just started in BPS. Consequently, none of the breeding periods resulted in significantly 
large numbers of sons outstanding in protein yield. 
A young bull is 1.5 times more likely to make the top 1% list on milk yield PTA for 
each kg increase in his PTA for protein yield. A high protein yield ( a one kg increase in the 
bull's PTA for protein yield) also increases the chances of making such a list (top 1%) on fat 
yield by S0%. The top 5% list on milk yield or on fat yield is as dependent on the bull's protein 
yield as the top 1% list. The top 5% list is also as dependent on pedigree selection as the top \% 
list. Multiple trait evaluation, as well as, pedigree information are essential for a perfect ranking 
of bulls even on a single trait basis. A bull that is outstanding in protein yield is likely to rank 
high on milk yield and with a lesser degree on fat yield. For example, selection based on the 
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Table 27. Mean PTAs in milk yield, fat yield, and protein yield, for the top 1% 
sires (s) and maternal grandsires (g) selected on milk yield and for 
their sons (b). 
BY" Trait N Mean (kg) SD*" Minimum Maximum 
Milk 1310.8 87 1003.8 1549.3 
s 1974 to Fat 24 49.1 8 30.6 63.6 
1982 Protein 33.4 3 23.8 39.9 
Milk 1319.5 89 1093.4 1788.7 
g 1973 to Fat 23 44.3 8 18.7 58.2 
1983 Protein 32.4 4 18.4 37,4 
Milk 1264.9 161 648.2 1866.1 
b 1981 to Fat 1424 46.2 7 15.2 70.1 
1989 Protein 29.9 5 10.0 49.4 
"BY: Birth year. 
**80: Standard deviation. 
Table 28. Mean PTAs in milk yield, fat yield, and protein yield, for the top 1% 
sires (s) and maternal grandsires (g) selected on fat yield and for 
their sons (b). 
BY" Trait N Mean (kg) SD" Minimum Maximum 
Milk 1222.6 152 782.9 1549.3 
s 1974 to Fat 29 50.2 6 40.0 63.6 
1982 Protein 32.6 4 23.4 39.9 
Milk 1273.5 109 438.0 1440.4 
g 1974 to Fat 24 48.6 5 33.5 58.2 
1982 Protein 33.9 3 5.8 37.4 
Milk 1240.0 166 523.4 1866.1 
b 1984 to Fat 1433 48.2 6 26.1 70.1 
1939 Protein 30.4 5 8.6 49.4 
"BY: Birth year. 
"SD; Standard deviation. 
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Table 29. Mean FTAs in milk yield, fat yield, and protein yield, for the top 1% 
sires (s) and maternal grandsires (g) selected on protein yield and for 
their sons (b). 
BY" Trait N Mean (kg) SD" Minimum Maximum 
Milk 1260.7 136 930.8 1549.3 
s 1974 to Fat 16 50.1 7 34.8 63.6 
1982 Protein 34.7 2 27.6 39.9 
Milk 1290.0 87 1055.5 1396.3 
g 1974 to Fat 11 49.0 6 24.3 58.2 
1982 Protein 35.1 .5 26.2 37.4 
Milk 1257.7 167 631.4 1866.1 
b 1982 to Fat 666 48.2 6 17.5 68.3 
1989 Protein 31.5 5 14.0 49.4 
"BY: Birth year. 
""SD: Standard deviation. 
animal model evaluation for protein yield (the key trait in the current breeding objective in the 
AI industry) will result in great responses in milk yield and in fat yield. 
To further investigate the realized responses from intensive selection on single trait, the 
mean response measured on sons of the top 1% sires and maternal grandsires were computed. 
The sons' mean PTAs for milk yield, fat yield, and protein yield from selection on milk yield 
are given in Table 27. Those from selection on fat yield are given in Table 28. And finally the 
mean PTAs from selection on protein yield are given in Table 29. 
Greatest son's mean PTAs for milk yield were realized from selection on milk yield. 
They were larger than the mean PTAs for milk yield from selection on fat yield by 25 kg, and 
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larger than those observed from selection on protein yield by only 7 kg. Similarly, selection on 
fat yield resulted in the greatest response for fat yield and selection for protein yield resulted in 
the greatest response for protein yield. Correlated responses in milk and fat yields from 
selection on protein yield nearly matched responses from direct selection This explains the 
substantial increases in the odds of a son's high rank on fat yield or on milk yield with a great 
protein yield. Moreover, intensive selection for milk yield or fat yield resulted in substantial 
correlated responses. However, the distribution of sons' PTAs was much narrower from direct 
selection than from indirect selection. 
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CONCLUSIONS 
Bull selection in the AI industry depends on the animal model genetic evaluations. Bulls 
with a superior pedigree and a high rank based on the first proof are usually selected to produce 
bull sires and bull dams for future generations. Conventional selection theory, the Mendelian 
laws applied to genes at many loci, depends on the genetic variation that exists within the 
population and the probability that animals superior for a particular trait will transmit some of 
that superiority to their progenies. An effective selection therefore requires an accurate 
identification of superior animals. An accurate genetic evaluation depends on the closeness of 
genetic parameter estimates to the true population parameters, namely the genetic variance, the 
evaluation technique itself, and also the validity of the assumptions on the data. 
Results from male selection in this study showed that a potential young bull could be 
first selected on his sire and maternal grandsire merits. Realized weights from first crop 
evaluations (number of daughters of a young bull is less or equal to 75) for predicting a young 
bull's merit from his sire and maternal grandsire PTAs closely matched the theoretical weights. 
For a sufficient number of daughters, the realized weights from the animal model genetic 
evaluations were .5 for the sire and .25 for the maternal grandsire. This is an indication of the 
effectiveness of the animal model as an evaluation procedure. However, it is not clear why late 
evaluations (number of daughters >75 in this study) provided actual weights for the maternal 
grandsire that were quite different from their theoretical expectations. Such a result is consistent 
with early reports even from evaluations other than the animal model (Van Vleck, 1986). 
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The investigation of realized gains in the mean reveded that both direct and correlated 
responses agreed with the expected responses in pattern. However, realized responses were in 
general around 70 to 85% of the potential gains. The reasons for lower than possible responses 
are low actual selection intensities (low selection differentials) for both sires of bulls and 
maternal grandsires of bulls. It is not clear why some sires or maternal grandsires with relatively 
low merits were heavily used, i.e., produced more that twenty AI bulls. In fact, very few sires 
and maternal grandsires were in the top 1% of the population on any of the yield traits (Oa Milk 
= 905 kg, Oa fat = 32.3 kg, and CTa protein = 25.2 kg). Furthermore, although there was some 
improvement in the SS selection path generation intervals, better selection of bull dams is 
required for greater selection responses. The agreement of realized and expected responses in 
pattern implies that the genetic parameters used in this study are proportionally representative of 
the population parameters. 
Current genetic gains in FTAs estimated from the male population are estimated at 98 
kg, 3.2 kg, 2.5 kg, -.004%, and -.005% for milk yield, fat yield, protein yield, fat percentage, 
and protein percentage, respectively. Genetic gains estimated from the ACTIVE or ELITE 
populations are not representative of the whole Holstein population. 
Single trait selection resulted in the greatest expected gains. Selection for traits other 
than yield (e.g., final score) greatly reduced the response. On the other hand, multiple trait 
selection resulted in substantial gains in all yield traits proportional to great genetic correlations 
among traits. Selection for protein yield resulted in the greatest correlated responses in both 
milk and fat yields. Whether selection was for milk yield, fat yield, or protein yield, the 
1 1 0  
distribution of progenies by genetic merit was approximately normal. Given the realized mean 
PTAs for yields for each response period, best sons of sires were as superior as expected. The 
odds of a son achieving an upper 1% or 5% ranks on any of the yield traits depended on the sire 
and the maternal grandsire merits, selection emphasis, and yield other than the rank trait. 
Actually, a young bull rank on either milk yield or fat yield noticeably improved by an increased 
PTA for protein yield. Increases in milk yield PTA (1 kg) and in fat yield (FTA) combined to 
improve the chances of a bull rank on protein yield PTA. However, the odds of a son ranking 
high on a yield trait increased only with the sire and maternal grandsire merits for the same trait. 
The sire and maternal grandsire high merits on traits other than the rank trait reduced the 
chances of a young bull achieving a top rank (1% or 5%). 
I l l  
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